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Time-resolved terahertz spectroscopy (TRTS) has been applied to study the sub-
picosecond to nanosecond carrier dynamics in silicon nanowires (Si NWs), silicon 
quantum dots (Si QDs) and silicon nanocrystals (Si NCs) surrounded by different 
organic and inorganic environments. In a TRTS experiment, the changes in the 
conductivity spectrum due to a photoexcitation event are measured over THz 
frequencies spanning 0.2 - 2 THz. The TRTS technique is thus employed as a non-
contact electrical probe that can determine the nature of photoinduced carriers in a 
semiconductor (i.e. free-carriers, localized carriers or excitons) as well as the time 
scales the excited carriers exist in the material.  
We have developed a method to obtain the average photoconductivity response 
of an individual Si nanostructure from TRTS measurements on an ensemble of Si 
nanostructures dispersed in an organic solvent.  These measurements indicate different 
relaxation pathways in Si NWs, Si QDs, and bulk c-Si. For the Si NWs we observe >1 
ns carrier lifetimes that are dominated by surface recombination. Through a surface 
recombination model, we were able to determine surface recombination velocities 
ranging from ~1100-1700 cm s-1 which depend on the processing conditions of the Si 
NWs. The Si NCs have markedly different decay dynamics where we initially observe 
hot carriers that rapidly thermalize within 1 ps. The cooled carriers then form bound 
excitons within the Si QDs which are long lived. We also were able to extract the 
intrinsic mobility of the Si NWs, which agreed with extracted values from bulk c-Si.  
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We observed size-dependent change in the hot carrier relaxation time in the Si 
QDs, where small Si QDs demonstrated slower decay times than large Si QDs. The 
size-dependent polarizabilities of excitons in Si QDs were obtained from time-domain 
THz spectroscopy measurements and followed an !! dependence. 
Ultrafast carrier dynamics measurements on hydrogenated nanocrystalline 
silicon (nc-Si:H) samples revealed a fast electron transfer process occurring for 
electrons initially excited in a-Si that then inject into Si NCs that are embedded in the a-
Si matrix. The dynamics could be modeled with a trap-mediated electron transfer 
process where hot carriers in a-Si become trapped at defect states on the surface of the 
Si NCs and then can thermally emit into the Si NCs. We observed a dependence of this 
process on crystalline volume fraction, where the efficiency of the electron transfer 
process was greater for large volume fractions.    
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The goal of this thesis is to better understand the ultrafast electro-optical 
characteristics of different forms of nanostructured silicon through experiments 
conducted by a far-infrared spectroscopic technique called time-resolved terahertz 
spectroscopy (TRTS). We wanted to exploit the excellent time resolution of this non-
contact electrical measurement to understand how photogenerated carriers are 
produced and how they transport through Si nanostructures embedded in various 
organic and inorganic media. We seek to better understand how the surrounding 
environment around Si nanostructures influence the optical and electrical properties of 
nanostructures as well as properties of the entire inhomogeneous material composed of 
both Si nanostructures and matrix. We will also utilize the insulating nature of organic 
solvent matrix that will serve to electrically isolate Si nanostructures so that we can 
obtain the intrinsic electrical attributes of Si nanoparticles with different morphologies. 
We will then show how measurements that reveal the intrinsic charge generation and 
transport of a Si nanostructure can be used to optimize the growth procedures and post-
synthesis chemical or thermal treatments to improve the quality of the nanostructure 
before it is used in a working device.  
1.1 Terahertz Region of the Electromagnetic Spectrum 
In order to characterize the different properties of a semiconductor, scientists 
have for many years relied on observing how different portions of the electromagnetic 
(EM) spectrum interact the material. These interactions, whether it is by reflection, 
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transmission, absorption, or scattering, can then be used to understand physical 
characteristics of the material such as the crystal structure, band structure, defect levels 
and lattice vibrations. Furthermore, the different physical properties of a semiconductor 
will couple to different portions of the EM spectrum.  
For example, let’s first look at the high-energy side of the spectrum where we 
observe X-Rays. The wavelength of X-rays lies in the range of !~0.1–10 nm, which is 
also the length scale that atoms order themselves in a crystal. Thus by shining X-Ray 
light on a crystal and observing at what angles the light diffracts, the crystal lattice 
spacing can be determined. Thus, these experiments are called X-Ray diffraction (XRD) 
studies and are an important fundamental materials characterization technique.  
Moving to longer wavelengths in the EM spectrum, we have wavelengths of light 
that span 100 – 1000 nm and correspond to the ultraviolet and visible portion of the EM 
spectrum. At these wavelengths, photons typically have enough energy to promote 
electrons from the valence band of a semiconductor to the conduction band, when 
absorbed by the material. We can therefore utilize measurements such as UV-VIS 
absorption to characterize the bandgap of a material. This is especially important when 
studying nanoparticles where quantum confinement can change the bandgap of the 
semiconductor. Another important experiment that relies on the absorption (and 
emission) of visible light is photoluminescence, where information about the defect 
structure of a semiconductor can be studied.    
The infrared (IR) portion of the EM spectrum typically spans wavelengths of 1 – 
100 µm, where the energy of these photons corresponds to the energy of lattice 
vibrations, or phonons, in a semiconductor. When we shine IR light that has a frequency 
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that matches that of a phonon in the material, that light can be absorbed. These 
frequencies also correspond to vibrations of organic molecules that may be used to 
passivate the surface of the semiconductor and so by analyzing what wavelengths 
(frequencies) of light are absorbed, we can determine vibrational information about the 
material. 
In the past, the next region of the EM spectrum, spanning the far-infrared 
wavelengths of ~30 µm – 3 mm was not typically explored as efficient generation and 
detection of this type of radiation was difficult. The difficulty in generating and detecting 
radiation at these wavelengths, which correspond to frequencies lying in the gigahertz 
to terahertz (THz) range, has resulted in the designation of this portion the EM spectrum 
as the THz gap. Recent advances in the development of ultrafast lasers, however, have 
helped decrease this gap, as the absorption of ultrafast laser pulses by nonlinear 
crystals can lead to the radiation of THz light. Similarly, the detection of THz radiation 
can be achieved by reversing the process.  
The terahertz region of the EM spectrum is rich in scientific information. 
Examples of the kind of physics you can expect to observe in this energy range are free 
carrier absorption,1 carrier scattering, phonon absorption, intraexcitonic transitions,2 as 
well as vibrational and twisting modes in biomolecules such as proteins and amino 
acids.3 One benefit in using ultrafast lasers to generate and detect THz radiation, is the 
development of time-resolved terahertz spectroscopy experiments. In these 
measurements, the change in the electrical or vibrational properties of the material can 
be mapped out from the sub-picosecond to nanosecond time scale. This optical 
electrical probe is therefore a very powerful tool, especially for studying the electrical 
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properties of nanomaterials, since no wires are needed for the measurements and the 
length scales that are probed are on the order of nanometers. We therefore can obtain 
the microscopic conductivity of the nanostructures which can change depending on the 
shape of the nanostructure, the electronic coupling to neighboring nanoparticles as well 
as its surrounding medium. A detailed explanation of the TRTS setup as well as the 
types of experiments that can be conducted is described in Chapter 2.  
1.2 Motivation: Silicon Nanostructures for Photovoltaic Applications 
Silicon is the second most abundant element found on earth, making up ~28% of 
the earth’s mass and is second only to oxygen. It’s natural abundance, as well as being 
non-toxic, ease of doping, and matching insulator has made silicon the most widely 
used semiconductor in the microelectronics industry. Silicon also has a near optimal 
band gap to effectively harvest the solar spectrum for photovoltaic (PV) applications. 
The broad knowledge base that was developed from the microelectronics industry has 
made silicon-based PV the dominant type of commercial solar cell found on top of 
homes and businesses. Silicon has some drawbacks though. For one, it is an indirect 
bandgap semiconductor so it is a poor light absorber. In order to maximize absorption in 
these devices, the thickness of silicon has to be fairly thick (>100 µm). In order to 
extract charges from these solar cells, the diffusion length of a carrier (i.e. how far a free 
carrier can travel before recombining) has to be on the same length scale. This requires 
very pure silicon that is free of defects, which act as recombination centers. Therefore, 
bulk c-Si solar cells require very thick and very pure silicon in order to obtain high 
efficiencies, and this makes the cost of these devices too high.  
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One avenue for relaxing the requirements of defect free and thick slabs of silicon 
is to move to nanostructured silicon. Silicon nanostructures such as silicon nanowires 
(Si NWs) or silicon nanocrystals (Si NCs) have been shown to improve the absorption 
properties of silicon, either by effective light trapping 4-6 or by band gap tuning through 
quantum confinement. 7-8 Silicon nano(micro)wires have the added ability to be 
synthesized with a radial junction within the wire. 9-11 This decreases the distance that 
carriers have to travel before being collected and thus, less pure Si can be used to 
fabricate the nanowires. The challenge with using nanostructured silicon in opto-
electronic applications is that charge transport becomes a problem, especially for Si 
NCs. In contrast with Si NWs, which can achieve directional transport along the long 
axis of the wire, a hopping process, from one NC domain to another, typically governs 
transport through NCs.12 It could be possible to achieve band-like transport through a 
NC array,13-14 however, the size distribution of the NCs would have to be excellent and 
the distance between NCs would have to be controlled very well. As charge transport 
may be the limiting factor in solar cells that utilize nanostructures of silicon, 
understanding the electrical properties of these materials on a microscale will be very 
important, making TRTS a very powerful characterization technique. In the following 
sections we will detail a few of the potential solar cell designs that specifically utilize Si 
NCs or silicon quantum dots (Si QDs).  
1.2.1 Multi-junction Solar Cells 
One proposed third generation photovoltaic (PV) structure that can exploit the 
bandgap tunability of QDs, would consist of a solar cell that is composed of different 
sized QDs, whose optical band gaps could fully span the solar spectrum.15 A solar 
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designed in such a way would resemble a bulk tandem solar cell, where materials with 
different bandgaps are used to absorb different portions of the solar spectrum. Two 
examples of a QD tandem solar cell are the “all-silicon” tandem solar cell proposed by 
Martin Green and coworkers 15-16 and a tandem cell composed of different sized PbS 
QD absorbing layers shown in a publication by Choi et al.17 In contrast to bulk tandem 
solar cells, which utilize different absorbing materials for each sub-cell, using QDs with 
different bandgaps could be used instead, thus requiring only one material to be used. 
The “all-silicon” tandem solar cell utilizes two sub-cells composed of Si QDs with 
dimensions such that the band gap of each sub-cell is optimized to a particular part of 
the solar spectrum. The bottom cell is bulk silicon, since it’s bandgap is already an 
optimum value needed for a bottom cell of a triple junction device. The “all-silicon” 
tandem solar cell has the possibility to reduce the cost of a triple junction cell while still 
having a theoretical power conversion efficiency of up to ~47%.15 In the “all-silicon” 
device, even the junctions between sub-cells were made of (doped) Si QDs. In practice, 
making an efficient tandem cell with QDs is not easy. Even though the absorption 
properties of the device can be improved using different sized QDs, extracting charge 
still remains a challenge. This can be seen in the low short-circuit currents as well as 
low power conversion efficiencies of the PbS devices fabricated by Choi et al.17 Clearly, 
charge transport through QD films will need to be improved if device structures like a 
QD multi-junction solar cell are to be used. 
1.2.2 Multiple Exciton Generation 
Another advantage of using QDs in third generation photovoltaics is an 
enhancement in carrier multiplication. Carrier multiplication, also known as impact 
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ionization in bulk materials or multiple exciton generation (MEG) in quantum confined 
semiconductors, occurs when a material absorbs a single high-energy photon that can 
then produce more than one electron-hole pair (EHP). The additional EHPs can then be 
separated, transported and collected, resulting in higher photocurrents circulating in the 
device. While this process has been shown to occur in bulk materials, the strong 
electron-phonon coupling in a bulk semiconductor makes the carrier cooling rate much 
faster than the impact ionization rate, resulting in a negligible enhancement in 
photocurrent for solar cells. Another reason why carrier multiplication is inefficient in 
bulk materials is due to the fewer number of final states available which is limited by 
momentum conservation between the initial and final states.  
In QDs, however, an enhancement in carrier multiplication is expected due to 
relaxed momentum conservation and slowed carrier-cooling rates. In one report, 
significant slowing of electron cooling was observed in CdSe/ZnSe core shell structure 
where the epitaxial grown shell of ZnSe helps to separate electrons and holes as well 
as increase the distance of the electronic states from ligands.18 With this type of 
architecture, defect states that would trap the electron were absent and coupling to 
organic ligands on the surface of the QD was limited and they were able to observe 
slow intraband cooling (>1 ns) in these colloidal QDs. By reducing the hot-carrier 
relaxation rate, other processes like MEG are able to compete with carrier cooling which 
effectively increases the MEG efficiency.19 The higher the MEG efficiency, the more 
significant enhancement of the power conversion efficiency (PCE) for the PV device, 
which can theoretically surpass the Shockley-Quiesser limit of 31% for a single-
threshold bulk absorber.20  
 8 
The majority of research showing MEG enhancement in QDs has been focused 
mainly on semiconductor QDs (PbS, PbSe, CdTe, Si) in solution or a thin film, 
measured by ultrafast techniques like transient absorption (TA) or TRTS.21-27 MEG 
enhancement in Si QDs has also been observed in photoluminescence quantum yield 
(PLQY) measurements, where a step-like behavior was seen, indicative of a highly 
efficient MEG process.28 The record for the highest QY achieved for a material was 
shown in graphene, where a 3 eV excitation pulse created 9 EHPs,29 however graphene 
is a semi-metal and not suitable for solar cells. Recently, MEG was demonstrated for 
the first time in a working QD solar cell. Semonin et al. used PbSe QDs that previously 
had shown MEG in TA measurements and the devices made in this study showed an 
average external quantum efficiency (EQE) of 106% at a photon energy of 3.44 eV.30 
Having an EQE greater than 100% clearly demonstrates collection of more carriers than 
the number of photons absorbed. This paper is significant because it bridges the gap 
between MEG observed in ultrafast measurements and MEG in actual devices, which is 
the first step in making a highly efficient, low cost QD solar cell. Unfortunately, the 
overall efficiency of the device was still fairly low (~4.5%) which is mainly due to the 
lower EQE at lower photon energies. If the EQE in this region was optimized, then a 
higher efficiency could be achieved. Nonetheless, this proof-of-concept showing MEG in 
a functional solar cell is promising for third generation solar cells. 
1.2.3 Hot Carrier Solar Cells 
While effects like MEG can help increase a solar cell’s PCE by providing more 
current for the device, another way to increase efficiency is also to obtain higher 
voltages in the cell. One proposed way of doing this is fabricating a hot carrier solar cell. 
 9 
In a hot carrier solar cell, the idea is to extract photoexcited carriers prior to their 
thermalization to the band gap. That is to collect carriers while they are still at elevated 
energies or “hot”, thus increasing the voltage achieved from the cell.  
Two main aspects of a hot-carrier solar cell are needed in order to do this. First, 
the absorber material for the cell needs to slow the rate of relaxation of a hot carrier so 
that it can be extracted. Second, the device needs to utilize selective energy contacts 
(SEC) that accept carriers only at a limited range of energies. For this type of device, it 
is important that there is a distribution of carrier energies below the SEC energy as well 
as above. This is because carrier-carrier scattering of charges with energy above and 
below the energy of the SEC can redistribute their energy and re-populate the SEC 
energy level.31 It is therefore important that the absorber material exhibits a reduction in 
the rate of hot-carrier cooling so that carriers are around long enough to interact. As 
mentioned before, quantum confined nanostructures like QDs are materials that can 
effectively reduce the carrier cooling rate, making a QD thin-film hot carrier solar cell a 
promising design to achieve an inexpensive and highly efficient solar cell. Theoretical 
efficiencies for hot carrier solar cells are predicted to exceed 65%.32 
1.3 Conclusions 
It is clear that there are many advantages to using nanostructured silicon for 
photovoltaic applications. Most of the benefits are associated with these materials are 
through the enhanced absorption properties of the nanomaterials as well as possible 
boosts in carrier generation through effective harvesting of high energy photons (MEG, 
hot carrier schemes). There still remains the problem of effectively transporting the 
generated carriers out of the nanostructures. Since most of the charge generation and 
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transport processes occur on fast time scales, an ultrafast spectroscopic technique like 
TRTS will be valuable in understanding these processes. Information gained from 
ultrafast electrical measurements can then be used for material and device optimization 
that would make nanostructured silicon solar cells a viable photovoltaic technology. 
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TRTS EXPERIMENTAL APPARATUS, DATA COLLECTION AND DATA ANALYSIS 
In this chapter, we will describe how to generate and detect THz radiation and 
how to employ it in an optical pump-terahertz probe scheme. We will describe in detail 
the THz experimental layout used to conduct time-resolved terahertz spectroscopy 
(TRTS) experiments as well as the data collection and analysis used to extract the 
ultrafast photoconductivity and other important electrical properties of semiconducting 
nanostructures.  
In order to obtain reliable results from TRTS experiments, the methods in which 
data is collected and analyzed must be carefully developed. In this chapter, our goal is 
to discuss the approaches used to properly measure and process the raw THz data in 
order to obtain either the carrier dynamics of the sample or the complex 
photoconductivity of the sample over a frequency range of 0.2 - 2 THz. Proper analysis, 
including prior knowledge about the morphology and optical properties of the sample, is 
paramount in accurately determining the electrical characteristics of a material. We will 
describe how the optical properties and geometry of the sample affect the propagation 
of the THz pulse and how to account for these changes when working up the data. We 
will also describe common photoconductivity models used to fit the photoconductivity 
response over THz frequencies. Finally, we will derive useful parameters used in the 
data analysis of samples with specific geometries, such as thin films or mixtures of 
homogenous media.  
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2.1  Experimental Apparatus 
Figure 2.1 displays a schematic of the TRTS experimental setup. A Quantronix 
regenerative amplifier system (Quantronix Ti-Light oscillator and Integra-HE-fs-5 
regenerative amplifier) produces 800 nm pulses with a duration of 60 fs (FWHM) with a 




Figure 2.1: Schematic of the time-resolved terahertz spectrometer. Here a 
regeneratively amplified Ti:Sapphire laser is used to seed (1) a pump arm, which 
photoexcites the sample, (2) a THz-probe generation arm, where the near infrared 
fundamental laser pulse generates a THz pulse via optical rectification in a ZnTe crystal, 
and (3) a detection arm, where the fundamental laser pulse is used for THz detection 
through the free-space electro-optic sampling detection scheme.  
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and an energy of ~1.5mJ/pulse. The fundamental laser beam is equally split into two 
parts. One part is used to seed an optical arm used to generate the optical pump pulse 
while the other is used for the generation and detection of the THz probe beam. The 
THz experiment is therefore composed of three arms with equal optical pathlengths, (1) 
a UV-NIR pump pulse used for photoexcitation, (2) a THz generation arm and (3) a THz 
detection arm.  
The photoexcitation arm is comprised of an optical parametric amplifier 
(Quantronix – TOPAS-4/800 FS model), capable of generating wavelengths of light 
ranging from 250-2600 nm (0.5 – 5 eV). These wavelengths were achieved through 
optical frequency mixing or second harmonic generation of the signal, idler and/or 
fundamental laser pulses. For the work presented in this thesis, we only utilized the 
fundamental laser pulse (800 nm) and it’s second harmonic (400 nm), generated by 
passing the fundamental beam through a 1 mm !-BaB2O4 (BBO) crystal, to photoexcite 
our samples. The OPA was therefore used only passively so as to match the optical 
pathlengths of the THz generation and detection arms. An optical chopper can be used 
to modulate the pump (position 1) for THz difference measurements (i.e. Δ! =
!!"#!!!"!"# − !!"#!!!""!"# ) and is phase locked to the 1 kHz repetition rate of the laser so that 
the chopper blocks every other pump pulse. In order to vary the pump fluence, a 
reflective neutral density filter (ND) was used. The reflective ND filter had a linear 
gradient across the sample with a variation in optical density from ~0-1 OD. If lower 
fluences were needed, extra ND filters could be added to the photoexcitation arm.  
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2.1.1 THz Generation 
The generation of THz probe pulses occurs through a nonresonant nonlinear 
optical process called optical rectification. Optical rectification occurs when a low 
frequency polarization is created in a non-linear crystal when an intense laser beam 
propagates through it. The difference frequency mixing of the different frequency 
components of the input pulse produces a polarization beating which generates the THz 
radiation. In our setup, the 800 nm fundamental laser pulse is propagated through a 1 
mm thick, 110 -oriented ZnTe crystal to generate a THz pulse with frequencies ranging 
from ~0.2 - 2 THz. The resulting THz pulse is broadened (~200 fs FWHM) compared to 
the input visible pulse (60 fs) due to the group velocity mismatch of the visible and THz 
waves in the ZnTe crystal. The upper limit of the bandwidth of the THz pulse is limited 
by phonon resonances of the ZnTe starting at ~2 THz1. Other non-linear crystals could 
be used access higher frequencies, such as GaP (2-7 THz)2 or GaSe (8-40 THz)3-4 as 
well using a plasma to generate ultrabroadband THz pulses.5-6 Once the THz pulse is 
generated, it is enlarged, collimated and then focused to a spot size of ~ 2 mm at the 
sample position. The transmitted THz pulse is then re-collimated and focused into a 
second ZnTe crystal for detection.  
2.1.2 THz Detection: Free-Space Electro-Optic Sampling 
We used free-space electro-optic sampling (FSEOS) to detect the THz probe 
pulse that has been transmitted through a sample.1 FSEOS utilizes the linear electro-
optic effect, also known as the Pockel’s effect, which generates birefringence in a 
material when an electric field is applied. In our THz experiment, the ZnTe detection 
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crystal is not ordinarily birefringent. However, when hit with a THz pulse, the electric 
field of that pulse induces birefringence that is proportional to the THz field. If a linearly 
polarized visible pulse is co-propagated with the THz pulse in the detector crystal, then 
the induced birefringence will rotate the polarization of the visible pulse. The direction 
and magnitude of the rotation is then directly proportional to the sign and amplitude of 
the THz waveform. We use a pair of balanced Si photodiodes, along with a quarter-
waveplate and a Wollaston polarizer, to analyze the induced rotation of the detection 
pulse. When no THz pulse is present, the Wollaston polarizer splits the vertically 
polarized detector pulse so that both photodiodes read equal intensities. The voltages of 
the diodes are fed into a lock-in amplifier, which reads the difference of the two 
voltages.  
The relative delay between the visible detection pulse and the transmitted THz 
pulse can be scanned in order to obtain the entire THz waveform in the time domain. It 
is important to point out that by collecting the entire THz waveform, we are able to 
obtain both amplitude and phase information of the electric field, as opposed to 
measuring only the intensity of the field.  
2.1.3 Pump-Probe Spatial and Temporal Overlap 
In order to avoid artifacts in the THz measurements the THz pulse should be 
probing a homogeneous area, both in pump fluence as well as the sample itself. As the 
THz radiation cannot be seen by eye, we determine the spatial position of the THz pulse 
using an iris placed at the sample location in Figure 2.1. With the iris completely open, 
the relative delay between the THz probe and the detection pulse (!!) is continuously 
scanned and the output of the balanced photodiodes is sent to an oscilloscope so the 
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THz waveform is observed on the screen in “real time”. Then the size of the iris is 
reduced until a significant reduction in the THz amplitude is seen (~ 4 mm). The iris 
position can then be adjusted using a three axis adjustable stage to optimize so the 
maximum THz amplitude can pass through. Once the focus of the THz probe is found, 
the visible beam, with a spot size 3x larger than the THz focus, can be overlapped onto 
the iris. Once the spatial overlap has been achieved, a measurement of the pump 
fluence can be made. For a fluence measurement, the iris is replaced with a small 
pinhole of known area (1.7 mm2) and the pulse energy is measured.  
Once the pump and probe pulses have been overlapped spatially, the two beams 
need to be overlapped temporally. Time zero is obtained by measuring the THz signal 
of a bulk semiconductor like Si or GaAs. These samples are used because large signals 
can be obtained from them, thus locating time zero is easier. Once the temporal overlap 
has been established for the bulk semiconductor, it is replaced with the desired sample 
to be measured. The relative delay between the probe and the detection pulse is then 
adjusted until it has reached the peak of the THz pulse. The distance the probe delay 
stage is recorded and the delay stage in the pump arm is moved by an equivalent 
amount. This procedure conserves the optical path length, and thus the temporal 
overlap of the pump and probe arms. A final adjustment may need to be made to find 
time zero on the new sample as group velocities of the THz and visible pulse may vary 
through different sample geometries. 
2.1.4 Oxygen-Free and Low-Temperature Measurements 
In some cases, measurements may need to be made on samples that are 




Figure 2.2: (a) An oxygen-free sample holder made from quartz ConFlat windows.  
(b) Implementation of a cryostat for low-temperature measurements 
 
oxygen-free environment during an experiment, they can be placed in a sample holder 
made from two adjoined ConFlat quartz windows (Figure 2.2a). The sample can be 
placed on the inside of one of the windows in a glove box and the windows are then 
fastened together with bolts, with a copper gasket in between. Samples placed in this 
sample holder will stay oxygen free for many weeks. 
For low-temperature measurements, a sample can be placed in a temperature-
controlled cryostat, equipped with two quartz windows to allow light through the sample 
(See Figure 2.2b). The samples are placed on a copper cold finger that can be cooled 
with either liquid nitrogen for temperatures down to 77 K, or with liquid helium for 
temperatures down to ~10 K. The sample can also be heated by a programmable 





2.1.5 Double Modulation Experimental Setup 
To extract the carrier dynamics or complex photoconductivity of a photoexcited 
sample, two THz transients are needed. First, a reference signal (!!"#) is measured for 
the sample in its ground state (pump off). Next, the photomodulated difference signal, 
Δ! = !!"#!!!" − !!"#!!!"" , is measured and is then normalized by !!"#  to boost the 
signal to noise of the measurement as well as allow for comparisons to be made 
between samples whose ground-state THz absorption properties may differ. 
Alternatively, a double-modulation setup can be used to simultaneously acquire both the 
reference and differential scans.7 A schematic of the double-modulation setup for the 
THz spectrometer is shown in Figure 2.3. In this experimental design the THz 
generation arm and the pump arm are modulated at two different frequencies by 
utilizing a special made chopper wheel with an outer row of slots and shutters that will 
chop the pump pulse at 500 Hz and an inner row of slots and shutters that will chop the 
THz probe pulse at 333 Hz. The signals for the photodiodes are then fed into two 
separate lock-in amplifiers set up to either read the signals modulating at 500 Hz or 333 
Hz. Since these two frequencies are not harmonics of each other, no cross talk between 
the two frequencies is measured in the signals. The ability to simultaneously measure 
!!"#  and Δ!  not only decreases the number of measurements needed for a given 
experiment, but it also eliminates noise due to slowly varying laser fluctuations that 
could be introduced using the traditional THz setup (single modulation). In the single 
modulation setup, a reference scan is typically measured once per sample, so long as 




Figure 2.3: A schematic of the double modulation experimental setup for the THz 
spectrometer. 
 
transients are normalized by !!"#  afterward. Thus, laser fluctuations due to 
misalignment, temperature or humidity of the room could introduce uncertainties in the 
measurement. The downside to using the double modulation experimental setup is that 
data collection takes twice as long as it takes twice as many laser pulses to acquire THz 
signal at a given time delay.   
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2.2  Data Collection 
There are three types of measurements that can be made on a photoexcited 
sample with TRTS. In the first type of measurement, referred to as a pump scan, the 
goal is to measure the ultrafast carrier dynamics of the sample. Here, the relative delay 
between the THz probe pulse and detection pulse is held fixed and the delay between 
the optical pump and the THz probe is scanned. In the second type of measurement, 
also called a probe scan, the goal is to obtain the frequency-dependent, complex 
photoconductivity of the sample for a given pump-probe delay. In a probe scan the 
pump-probe delay is now fixed and the detection delay is scanned to acquire the 
transmitted THz waveform. The third measurement that can be made is to collect a 2D 
measurement where probe scans are acquired for each pump-probe delay. The 2D 
scans were not used in this work and so we will not discuss them in detail here. 
2.2.1 Ultrafast Carrier Dynamics 
THz spectroscopy has the capability to characterize, with sub-ps resolution, the 
charge carrier dynamics of both free carriers as well as excitons. The sensitivity of 
TRTS to charged carriers stems from the fact that the dielectric response of most 
semiconductors is strong in the THz regime. This technique is particularly useful when 
studying the dynamics of semiconductor nanostructures where due to their small 
dimensions, carrier relaxation processes such as hot carrier decay, trapping at surface 
defects and Auger recombination, occur on femtosecond to picosecond time scales. 8-10  
In Figure 2.4, we illustrate the data collection process for measuring the ultrafast 
carrier dynamics of a sample. First, the THz probe delay stage is moved so that the 
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detection pulse is positioned and held at the peak of the THz waveform (!! = 0) while 
we scan the pump-probe delay !! . The pump-probe delay can be systematically 
increased or decreased by a computer controlled optical delay stage that has sub-µm 
precision. The time scales we can measure the decay processes in a sample range 




Figure 2.4: Illustration of the data collection method for a typical carrier dynamics 
measurement. The detection delay is held constant so that the detection pulse is 
monitoring the change in amplitude of the THz peak while the delay between the optical 
pump and THz probe is varied.  
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deconvolution of the system response is needed and the maximum time delay is limited 
only by the length of the optical delay stage. There are three ways to average the data 
measured in a THz experiment. First, we can take multiple measurements at a given 
value of !!, which in turn can be averaged to give a single data point at that delay. We 
also can choose to average multiple scans to help reduce the noise in the data 
collected. Finally, we can choose how long to acquire a single data point by changing 
the time constant and sampling rate of the measurement. For large signals, we typically 
measure at a sampling rate of 32 Hz and a time constant of 30 ms, while for small 
signals we use a slower sampling rate of 0.25 Hz and a time constant of 1 s.  
As the majority of ultrafast processes occur at pump-probe delays near !! = 0, 
we generally choose a logarithmic point spacing for the measurement, where the point 
spacing near time zero is typically on the order of 50 fs and at longer delay times, where 
changes in the THz response are relatively slow, the spacing between points is larger 
(~50 ps). A standard pump scan will be composed of a system response limited 
increase in the magnitude of the THz signal, due to the fast generation of charge 
carriers in the sample, followed by various decay processes that range from the sub-
picosecond to nanosecond timescales. Information about these decay processes can 
be obtained by studying how they change when an aspect of the THz experiment is 
systematically changed, such as the pump fluence, pump wavelength or temperature of 
the sample. From these observations, models can be developed to explain the change 




2.2.2 Frequency-Dependent Photoconductivity Spectrum 
A particularly powerful measurement that can be made with a THz spectrometer 
is to simultaneously collect the real and imaginary components of the THz 
photoconductivity spectrum. The photoconductivity spectrum can be analyzed using 
different photoconductivity models to extract useful electrical parameters such as the 
charge carrier mobility, the plasma frequency of the sample or the polarizability of 
confined charges. The unique spectral signatures of excitons11-16, partially-localized 
carriers8, 17-19 and free carriers18, 20-21 can be obtain from the photoconductivity 
spectrum, which allows for direct detection of the type of charge carrier generated in the 
material. Determining the nature of the charges is especially useful when studying 
charge generation and transport in nanostructures, where any of the three types of 
charge carriers may possibly exist in the material.  
A general procedure for the data collection and workup used to obtain the 
photoconductivity spectrum is illustrated in Figure 2.5. First, a differential probe scan is  
performed, where the entire transmitted THz waveform is collected for a chosen !! 
delay. A reference waveform is then collected for the sample. Next, both the reference 
and photoexcited probe scans are Fourier transformed into the frequency domain. As 
both phase and amplitude information are collected, the real and imaginary components 
of the photoconductivity spectrum can be obtained from the Δ!(!)/!(!) signal. The 
procedure for relating Δ!(!)/!(!) to the photoconductivity spectrum depends on the 
optical properties and geometry of the sample, and will be covered in the next section. 
The change in the photoconductivity spectrum can also be monitored for multiple pump-




Figure 2.5: An illustration of the data collection and analysis procedure for obtaining the 
complex, frequency-dependent photoconductivity spectrum. (1) Probe scans are 
collected for through the reference and photoexcited sample. (2) the waveforms are 
Fourier transformed from the time-domain to the frequency domain. (3) Finally, the raw 
Δ!/! signal is then converted into the complex, frequency-dependent photoconductivity 
spectrum.    
 
whether a decay process observed in the carrier dynamics is due to a change in the 
population of carriers in the material or a change in the carrier mobility.  The simple 
Drude model of conductivity can generally describe the frequency-dependent 






























































In the Drude model, excited charge carriers can move freely when in the 
presence of an electric field and have an average scattering rate (τ) as they transport 
through the material. The carriers are considered to only undergo elastic scattering 
events, where the momentum of the carrier is randomized. The model predicts a 
maximum value for the real part of the photoconductivity to be at zero frequency and 
decreases as the frequency is increased. The imaginary part, on the other hand, is zero 
at zero frequency and increases with frequency until it reaches a maximum at the 
carrier scattering rate (See Figure 2.6a). The Drude model equation for the frequency-
dependent photoconductivity is 
 
 ! ! = !!!!
!!
!!!"#              (Eq. 2.1) 
 
where ! = 2!" is the radial frequency, !! = !!!/(!!!∗) is the plasma frequency, !! 
is the permittivity of free space, !∗ is the carrier’s effective mass, ! is the charge of an 
electron and ! is the carrier density. The key parameters in the Drude model are the 
plasma frequency and the carrier scattering rate. By succesfully modeling the 
photoconductivity spectrum with the Drude model, we can extract the photoinduced 
carrier density from !! and the mobility (!) from the extracted scattering rate through 
the equation 
 





Figure 2.6: (a) An example of the frequency-dependent, complex photoconductivity 
spectrum of a bulk semiconductor with Drude behavior. The real part of the 
photoconductivity (blue line) peaks at zero frequency and decreases as the frequency is 
increased. The imaginary component (red line) starts at zero and increases with 
frequency and peaks at carrier scattering rate. (b) An example of a material where 
carriers are strongly localized. The real component of the photoconductivity now starts 
at zero and increases with frequency. The imaginary component now has negative 
values indicating a restoring force. Panel (c) shows the spectroscopic signature of an 
exciton measured by TRTS. Each type of spectra shown above can then be modeled 
with different conductivity models which are covered in later sections. 
 
For materials where strong carrier localization can occur, the mobile charge 
carriers no longer exhibit a Drude behavior. Carrier localization could occur in samples 
that lack long range order due to small inhomogeneous domains within the sample or 
because the material itself is small, in the case of carriers inside a nanowire or 
nanocrystal. In these systems, charge transport is governed by carriers hopping from 
one localized region to the next. Depending on the degree of localization, the 
photoconductivity spectrum for a Drude material will then change, where the DC 
conductivity is reduced and the maximum of the real photoconductivity is shifted to 
higher frequencies. The imaginary component of the spectrum is now negative, 
indicating a restoring force on the carrier motion. In order to incorporate charge 



























































made. This new equation, known as the Drude-Smith model,22 introduces a third 
variable that characterizes the degree of charge localization occuring in the sample 
being investigated. The Drude-Smith equation is written as22  
 




!!!"#             (Eq. 2.3) 
 
where ! is called the persitance of velocity term and indicates the fraction of the carrier’s 
initial velocity that is retained after a single collision. The parameter ! can take on 
values ranging from -1 to 0, where negative values indicate carrier backscattering and a 
value of 0 recovers the Drude model. An illustration of the photoconductivity of a 
material whose carriers undergo complete backscattering (! = -1) is shown in Figure 
2.6b. 
When the size of a nanostructure is reduced to less than it’s Bohr exciton radius 
(!!), the charges are no longer mobile and thus form excitons. TRTS is highly sensitive 
to mobile carriers, but it can also be used to measure the polarizability of the exciton. 
The spectral signature of excitons in the photoconductivity spectrum varies drastically 
from the two previous types of charge carriers that can be measured with THz and is 
shown in Figure 2.6c. For excitons we observe almost no real component of the 
photoconductivity spectrum over the bandwidth of our experiment, only a negative 
imaginary component whose magnitude is increasing with frequency. This spectral 
response stems from a phase-shift that is associated with an excitonic transition in the 
material which is located at higher frequencies. The polarizability of the exciton can be 
calculated from the measured spectrum13-16 and is described in detail in Chapter 5.    
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2.3 Determining the THz Photoconductivity from !!/! 
In this section, we will define the equations relating the raw signal measured in a 
TRTS experiment (Δ!/!) to the change in photoconductivity (Δ!) of a photoexcited 
sample by following the methodology developed in a theoretical paper by Kužel et al.23 





Figure 2.7: A schematic illustration of the propagation of a THz pulse from the ZnTe 
THz generation crystal, through a photoexcited sample and into the ZnTe detecor. 
Included is a scheme of the electric fields within the photoexcited sample. Einc, Er and Et 
are the incident, reflected and transmitted THz electric fields, while ∆Er and ∆Et are the 
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electric field through a photoexcited sample (Δ!) is equal to the product of the THz field 
incident to the sample (!!"#), the change in susceptibility due to photoexcitation (Δ!), 
and a transfer function (Ξ), which only depends on the ground state properties of the 
sample23 
  
 Δ! = !!"#Ξ!Δ!             (Eq. 2.4) 
 
A simplified view of the THz experiment is illustrated in Figure 2.7, where we 
consider three pulses: The optical pump, THz probe and the optical detection pulse. We 
have also included the two delays that can be varied in a THz experiment: the delay 
between the optical pump and THz probe (!!) and the delay between the transmitted 
THz probe and the detection pulse (!!). We also include a schematic of the electric 
fields and interfaces within the photoexcited sample in Figure 2.7, to help visualize the 
propagation of a THz pulse through the photoexcited sample. In this schematic, !!"#, !! 
and !! are the incident, reflected and transmitted THz electric fields, while Δ!! and Δ!! 
are the reflected and transmitted changes in the electric field due to photoexcitation. 
We can find the relationship between the measured THz signal Δ!/! and Δ! 
from Eq. 2.5 by substituting the following equations relating Δ! to!Δ! and !!"# to !: 
  
 ! = !!"#!!"!!!"#            (Eq. 2.5) 
and 
 
 Δ! !,!! = !!(!,!!)!"!!             (Eq. 2.6) 
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Where ! is the transmitted THz electric field through the sample at equilibrium (no 
photoexcitation), ! = !"/! is the wave vector, ! is the thickness of the sample, !! is the 
permittivity of free space, and ! and !! are the frequency domain variables related to 
the delays !! and !!, respectively. In Eq. 2.5, !!" represents the amplitude transmission 
coefficient determined from the Fresnel formulas of the THz wave propagating from a 
medium of refractive index !! to a medium with refractive index !!. Using the schematic 
shown in Figure 2.7 as a reference, we can define the following amplitude transmission 
coefficients: 
 
 !! = !!!!!!!            (Eq. 2.7) 
  
 !! = !!!!!!            (Eq. 2.8) 
 
 !!" = !!!!!!!!            (Eq. 2.9) 
 
Substituting Eq. 2.5 and Eq. 2.6 into Eq. 2.4 and solving for Δ!/! we obtain 
 
     Δ!(!,!!) = Ξ!!!!" !"!! !!"# !!(!,!!)!         (Eq. 2.10) 
 
Now all that is left is to determine the transfer function describing the physical and 
ground state optical properties of the photoexcited sample. In the remainder of this 
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section, we will solve Eq. 2.10 for specific sample geometries from their associated 
transfer functions. The sample geometries we will look at are bulk samples, thin films 
and dispersions of nanostructures in a solvent contained within a cuvette. 
2.3.1 Photoconductivity of Bulk Samples: Surface Excitation 
The thickness of bulk samples is assumed to very large (L > 100 µm) and for 
highly absorbing samples (e.g. Si, GaAs, InP) the penetration depth of the pump pulse 
only reaches a thin surface layer (see Figure 2.8). For the case of a thick sample with 
surface excitation, we obtain the following form of the transfer function,23  
 
 Ξ ≈ !!!!!!!"#!!!! −
!!!
!           (Eq. 2.11) 
 
where !! = !/!  is the wave vector of the THz wave in vaccum, !  is the optical 
absorption coefficient of the pump and !! is the transmission coefficient through the 
sample when photoexcited. Plugging in Eq. 2.11 into Eq. 2.10 we get  
 
 
 Δ! = − !!!
!!"(!!!!)
!!!!
!"!!        (Eq. 2.12) 
 
If we make the assumption that the refractive indicies on either side of the bulk sample 
in Figure 2.8 don’t change under photoexcitation (!! = !!  and !! = !! ), which is 
reasonable because they are typically either air or a non-absorbing substrate, then 
!! = !! and we can plug in the transmission coefficients from Eqs. 2.7-2.9 to Eq. 2.12:   
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   Δ! = − !!!
(!!!!)!(!!!!)
!!(!!!!!)
!"!!        (Eq. 2.13) 
 
If we assume that the medium on either side of the bulk sample are the same (!! =
!! = !′), then Eq. 2.13 simplifes to  
 








!            (Eq. 2.14) 
 
where we have introduced the term !!"#$ = ! + !! !/4!!!  which encompasses the 
terms associated with transmission coefficients and converted the absorption coefficient 
! into the optical penetration depth ! = !!!. 
 
 
Figure 2.8: Surface excitation of a bulk semiconductor sample (green), with index of 
refraction !, sandwiched between a dielectric medium with an index refraction of !! and 
a dielectric medium with an index of refraction !!. The black region represents the 
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2.3.2 Photoconductivity of Thin Films 
We qualify a film as thin if the thickness is less than the wavelength of THz 
radiation in the sample, where we have to take into account the interference of Fabry-
Pérot reflections within the sample. We use the solutions calculated by Kužel et al. for 
the transfer functions of thin films with different absorption properties.23 For thin films, 
the samples can be seperated into the three groups illustrated in Figure 2.9: (1) Strong 




Figure 2.9: Photoexcitation of a thin film (green), with index of refraction !, sandwiched 
between a dielectric medium with an index refraction of !! and a dielectric medium with 
an index of refraction !! . The black region represents the density of photoexcited 
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absorbing samples (!" ≪ 1). 
 Let us first look at the case where the thin film is strongly absorbing. In this case 
the solution for the transfer function is found to be23  
 
 Ξ ≈ !!"!!!!! −
!!!
!           (Eq. 2.15) 
 
This gives us an expression for the photoconductivity of a strongly absorbing thin film: 
 
 Δ! = − !!! (!! + !!)!"!!!
!"#         (Eq. 2.16) 
 
In Eq. 2.16, we again have made the assumption that the dielectric media surrounding 
the film does not change when photoexcited (i.e. !!" = !!"). We can simplify Eq. 2.16 
further by noticing the exponential on the right hand side of the equation goes to 1 since 
the value of !" is very small in the case of a thin film. The new expression for the 
photoconductivity of a strongly absorbing thin film is 
  






!           (Eq. 2.17) 
 
where we have defined !!"#$ = (!! + !!). 
The second case we would like to consider is when the thin film is a moderately 
absorbing sample (!" ≈ 1). In this case we have the following expression for the 
transfer function:23  
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 Ξ ≈ !!"!!!!! −
!!!
! 1− !
!!"         (Eq. 2.18) 
 
The resulting equation for the photoconductivity of a moderately absorbing thin film is: 
 








!           (Eq. 2.19) 
 
where we have defined a new ! term for the case that the thin film acts as moderate 
light absorber (!!"#$! = !! + !! /1− !!!"). 
 The third and final case we will address, for a thin film sample geometry, is when 
the film is a poor light absorber. For these films the pump light is barely attenuated by 
the sample and thus the density of photoexcited particles is almost constant throughout 
the thickness of the film. The transfer function for the weak light absorbing films is then23 
 
 Ξ ≈ !!"!!!!! −!!!!           (Eq. 2.20) 
 
which looks very similar to the transfer function we had for the strong absorbing thin film 
where the the optical penetration depth is the thickness of the sample. Thus, we can 
write the photoconductivity of a weak absorbing thin film as 
 






!           (Eq. 2.21) 
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where we observe that ! is the same for both the weak and strong absorbing thin films. 
2.3.3 Photoconductivity of Dilute Dispersions of Nanostructures  
Dispersing nanostructures into a non-polar solvent contained in a cuvette is a 
useful sample geometry for obtaining the average electrical response of the 
nanostructures from a TRTS experiment. In this section we will determine the correct 
expression for the photoconductivity of a weakly absorbing, but physically thick sample 
to be used for TRTS measurements on dilute dispersion of nanostructures enclosed in a 
quartz cuvette. The expression for photoconductivity of strongly absorbing solutions of 
nanoparticles will be equivalent to the expression found for a bulk sample with surface 
excitation. We will go a step further and utilize an effective medium theory to obtain the 
average photoconductivity of a typical individual nanostructure within the measured 
ensemble.  
First lets consider a thick homogenous sample that weakly absorbs the 
wavelength of light used to photoexcite the sample, such as the one shown in Figure 
2.10. The transfer function that can be used for a weak absorbing thick sample is:23  
 
 Ξ ≈ !!!!!"#!!!! −
!!!
! [1− !
!!"]         (Eq. 2.22) 
 
If the optical density of the sample is very low (OD < 0.1), which is the case for 
the Si NW samples used in Chapter 3, then for a typical cuvette thicknesses of 2 mm or 
less, the term !" is small. If we then expand the expression in brackets on the right side 





Figure 2.10: Photoexcitation of a thick semiconducting sample (green) with weak 
absorption properties. The black region represents the density of photoexcited particles 
that interact with the THz electric field. 
 
 
 1− !!!" ≅ !" − !" !!! +
!" !
!! − !( !"
!)…          (Eq. 2.23) 
 
where we only take the first term if !" is small. Using this approximation, Eq. 2.22 
reduces to 
 
 Ξ ≈ !!!!!"#!!!! (−!"!!)         (Eq. 2.24)  
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!         (Eq. 2.25) 
 
Now that we have the appropriate expressions for photoconductivity of strong and weak 
absorbing thick samples, we can now consider a dispersion of nanostructures in a 
solvent. Using effective medium theory we can determine the photoconductivity of an 
average nanostructure in the dispersion.  
The electric susceptibility can be related to the permittivity (!) through the relation 
! = (1+ !)  and thus the change in permittivity of a sample (∆!!"#$%& ) due to a 
photoexcitation event can be determined from ∆!, 
 
  ∆!!"#$%& = 1+ !! − 1+ ! = ∆!         (Eq. 2.26) 
 
where !! represents the susceptibility of the sample in the excited state. Using Eq. 2.4 
we can write an expression relating the change in permittivity of a sample to the signal 
measured in the THz experiment, 
 
 ∆! = Ξ!!"#∆!!"#$%&         (Eq. 2.27) 
 
For dilute solutions of nanostructures dispersed in a solvent, we can use the well-known 
Maxwell-Garnett effective medium theory to determine an effective permittivity (!!"") for 
a dispersion of randomly oriented dielectric ellipsoids in a homogenous medium. 
Solutions for dispersions of cylinders and spheroids have been calculated by Giordano, 
where !!"" is expressed in terms of the permittivity of the solvent (!!), the permittivity of 
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the nanostructures (!!) and the volume fraction (!!).24 The effective permittivity for the 
dispersions of dielectric cylinders was determined to be24  
 





             (Eq. 2.28) 
 
and the effective permittivity for dielectric spheres is24 
 
 !!"" = !! + 3!! ∙ !!
!(!!!!!)
!!!!!!
         (Eq. 2.29) 
 
These expressions can be directly applied to dispersions of semiconductor nanowires 
(cylinders) and nanocrystals (spheres). To determine the photoconductivity of these 
nanostructures we first determine the change in the effective permittivity (∆!!"" = !!""! −
!!"") due to a photoexcitation event. For a dispersion of nanowires, the change in 
effective permittivity is thus, 
 










        (Eq. 2.30) 
 
If we assume that the permittivity of the solvent, !! , doesn’t change due to 
photoexcitation (!!! = !!) and that the change in the permittivity of the nanostructures is 
small, ∆!  (!!! = !! + ∆!) and so ∆!! terms can be neglected, we can simplify Eq. 2.30 
to be   
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 ∆!!"" = !!"!! − !!"" = !! !!
!!(!!!!!!)
(!!!!!)
∆!       (Eq. 2.31) 
 
Similarly, we can show that the change in the effective permittivity for dispersions of 
nanocrystals is 
 
   ∆!!"" = !! !!!
!
!!!!!!
∆!                   (Eq. 2.32) 
 
By substituting the expressions for ∆!!"" shown in Eq. 2.31 and Eq. 2.32 for ∆!!"#$%& in 
Eq. 2.27 and using the expression ∆! = ∆!/!"!! , we obtain an expression for the 
photoconductivity of an individual nanoparticle is 
 
 ! = − ∆!!
!!!"
!!!
!         (Eq. 2.33)  
 
where !!  denotes averaging over all nanowires/nanocrystals, their geometries, and the 
THz frequency bandwidth. The new parameter ! has been introduced into Eq.2.33, and 
is associated with the dielectric properties of the sample. For semiconductor nanowire 
samples, ! is defined as, 
 
  !!" = !!
(!!!!!)
!!(!!!!!!)
           (Eq. 2.34) 
 
and for nanocrystal samples ! is  
 
 44 
        !!" = !!!
!
!!!!!!
            (Eq. 2.35) 
 
2.4  Calculating a Volume Fraction of Nanostructures in a Dielectric Material 
In order to obtain the volume fraction (!!) of nanostructures that are contained in 
some dielectric medium, we first need to determine the total volume of the 
nanostructure excited by the pump pulse. So first we define the total number of 
nanostructures (!!"!) to be 
 
 !!"! = ! ∙ !!"!         (Eq. 2.36) 
 
where !  is the density of the nanostructures in solution and !!"!  is the total 
photoexcitation volume. An expression for ! can be written in terms of the absorption 
coefficient (!) and the absorption cross section (!!"#) of the nanostructure through:   
   
 ! = ! !!!"#          (Eq. 2.37) 
 
The absorption coefficient can be obtained from the measured optical density (!") of 
the sample through  
 
 ! = 10!!" = !!!"         (Eq. 2.38) 
 
where ! is the transmission coefficient and ! is the thickness of the sample. 
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In order to obtain !!  we need to know the total volume of the nanostructure 
inclusions (!!"!"!), which can be calculated by taking the product of !!"! and the volume 
of a single nanoparticle (!!" ). Then we obtain !!  by dividing the total volume of 
nanomaterial by the total volume of the sample. 
 
  !! = !!"
!"!
!!"!
= !∙!!"!!"#          (Eq. 2.39) 
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Abstract 
The charge carrier mobility and picosecond to nanosecond carrier dynamics 
were simultaneously determined for isolated silicon nanowires (Si NWs) and 
nanocrystals (Si NCs) using time-resolved terahertz spectroscopy. These results were 
then compared to measurements made on bulk c-Si as a function of excitation fluence. 
We find >1 ns carrier lifetimes in Si NWs that are dominated by surface recombination 
with surface recombination velocities (SRV) between ~1100-1700 cm s-1, depending on 
process conditions. The Si NCs have markedly different decay dynamics. Initially, hot-
carriers are produced in the NCs, but relax within the 600 fs to form bound excitons. 
Subsequently, the excitons decay with lifetimes >7ns, similar to free carriers produced 
in bulk Si. The isolated Si NWs exhibit bulk-like mobilities that decrease with increasing 
excitation density, while the hot carrier mobilities in the Si NCs are lower than bulk 
mobilities and could only be measured within the initial 600 fs decay. I will discuss the 
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implications of the measurements made in this study on the utilization of Si NWs and 
NCs in macroscopic optoelectronic applications.   
3.1 Introduction 
The incorporation of Si nanostructures into optoelectronic devices relies on the 
ability to study, understand, and control their optical and electrical properties. Although 
optical measurements such as transient absorption1 and photoluminescence (PL) 2-4 are 
typical characterization techniques, it remains difficult to measure the average intrinsic 
electrical response of these small structures. One way to obtain electrical properties of 
Si nanostructures is to measure them in a thin film geometry with traditional5 or non-
contact electrical probes,6-8 but such measurements reflect the response of the 
composite film and not necessarily that of the individual nanostructure. Traditional 
measurements can be made on individual nanowires, where the length of the wire is 
usually on the order of micrometers. For these nanostructures, ohmic contacts can be 
applied to the ends of the wire and the electrical properties can be measured.9-11 
Unfortunately, in order to obtain the average electrical response of the nanowires, such 
measurements would need to be repeated many times, which would be a laborious 
task. In this work, we employed a contactless electrical probe called time-resolved 
terahertz spectroscopy (TRTS) to measure the intrinsic photoconductivity of electrically 
isolated silicon nanowires (Si NWs) and silicon nanocrystals (Si NCs) dispersed in a 
solvent. The THz probe frequencies span typical carrier scattering rates, providing 
valuable information about the local charge carrier generation and transport 
characteristics. Unlike other ultrafast optical techniques such as transient absorption1, 12 
and transient PL13-14, which depend on interband optical transitions, TRTS is uniquely 
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suited to study indirect bandgap semiconductors since the THz probe directly measures 
the free-carrier dynamics and is not sensitive to the indirect nature of the optical 
transitions. The TRTS measurements also provide the average electrical response of an 
individual Si NW or Si NC since the measurements are carried out an ensemble of 
nanostructures.  Here, we compare the carrier dynamics and extracted mobilities of the 
Si NWs, Si NCs and bulk crystalline silicon (c-Si) and show how the electrical properties 
change between these three different forms of silicon. 
3.2 Experimental 
In this section, we will describe the physical dimensions of the different Si 
samples we studied as well as how they were synthesized and prepared for the TRTS 
measurements. We will also explain how the TRTS experiment was set up for these 
studies as well as the data workup procedures we used to relate the raw THz signals to 
the photoconductivity of the Si nanostructures.  
3.2.1 Si NW and Si NC Samples 
The photoconductivity of 4 different nanostructured silicon samples (3 types of Si 
NWs synthesized by Chito Kendrick at Penn State University and 6.3 nm diameter Si 
NCs synthesized by Nate Neale at NREL) was compared with the photoconductivity of 
bulk c-Si. First, arrays of vertically aligned Si NWs were fabricated on a 111 -oriented 
intrinsic silicon wafer. A 5 nm gold film was evaporated onto the Si wafer and annealed 
to form gold colloids, which act as nucleation sites for wire growth. The as-grown NWs 
were synthesized by atmospheric pressure chemical vapor deposition (APCVD).  To 




Figure 3.1: a) SEM cross-section of as-grown Si NWs before removal from Si substrate. 
The Si NWs have dimensions of 90 nm in diameter and ~17 µm in length on the 
substrate, ~10 µm after wire removal. b) TEM image of a Si NW after thermal oxidation. 
 
length (see Figure 3.1a), the samples were grown for 20 minutes at 1050°C with a 
precursor gas composed of SiCl4 with a H2 carrier gas at a total gas flow rate of 100 
sccm. After wire growth, the samples were etched in a 5% HF solution and 
subsequently immersed in an aqua regia solution to remove any residual gold from the 
surface of the wire. The as-grown Si NWs were then divided into three groups (A, B and 





a sample of as-prepared Si NWs were placed in a furnace heated to 900°C for 120 
minutes in the presence of dry oxygen. The self-limiting oxidation15 produced an oxide 
shell of 30 nm, which was then etched with 5% HF, resulting in Si NWs with a reduced 
diameter of 30 nm (see Figure 3.1b). Sample B consisted of a sample of the as-grown 
90 nm Si NWsthat were also annealed at 900°C for 120 minutes, but in an Ar 
atmosphere, in order to limit surface oxidation and remove surface defects. Sample C 
consisted of the as-prepared, 90 nm diameter Si NWs without any post treatments 
performed. Each group of NWs underwent a final HF etch to remove any native or 
grown oxide from the surface of the wires before the TRTS measurements were made. 
To exclude the contributions from the underlying substrate, the NWs were mechanically 
removed from the Si substrate, reducing the wire length to ~10 µm. After removal, the 
wires were dispersed in chloroform and the samples were stirred during the TRTS 
measurement to assist in maintaining the Si NW dispersion. The absorption properties 
of the dilute Si NW dispersions were determined by UV-VIS absorption measurements 
made on a Shimadzu UV-3600 UV-VIS-NIR Spectrophotometer. The optical densities 
(OD) of the three NW samples, measured at the wavelength used for photoexcitation 
(400 nm) were 0.09, 0.01 and 0.12 for sample A, B, and C respectively.  
The 6.3 nm Si NCs were synthesized by silane (SiH4) decomposition in a RF-
enhanced nonthermal plasma,4 where the total applied RF forward power of 75 W 
(reflected power was tuned via a matching network to zero). The precursor gas was 
composed of a 10% SiH4/He and argon gas with a flow of 30 sccm for each. The total 
pressure in the reactor was held at 3 Torr. The Si NCs were transferred into a inert 
atmosphere glove box, where the surface of Si NCs were functionalized with dodecyl 
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ligands via thermal hydrosilylation16 in neat dodecene (~100 mg Si NCs in 1 mL 
dodecene heated to 215 °C for 3 h). Purification was performed via typical 
solvent/antisolvent methods with toluene/acetonitrile (10 mL each) and isolation by 
centrifugation for 3 min at 12,000 x g. The resulting dodecyl-terminated Si NCs were 
dispersed into hexane for the THz measurements. The final NC size was 6.3 nm and 
was calculated with an effective mass approximation using the emission maximum 
wavelength of 1000 nm.3 Absorption measurements on this sample yielded a higher OD 
of 1.28 at a wavelength of 400 nm. 
The bulk c-Si sample used for comparison with the Si nanostructures was a 620 
µm thick, (111) oriented wafer. The Si wafer was double side polished and slightly p-
type doped, with a sheet resistivity of 18 Ω cm.  
3.2.2 TRTS Experiment 
TRTS is a visible pump, far-infrared probe that simultaneously measures the real and 
imaginary components of the THz frequency-dependent photoconductivity, ! !; !! , 
with sub-ps time resolution. The TRTS apparatus is described in detail in Chapter 2. For 
the experiments performed in this chapter, we utilized both the single modulation and 
double modulation experimental setups (see Section 2.1.5). In a typical TRTS 
experiment, there are two time delays to consider (Figure 3.2); the delay between the 
pump and the probe, !!, and the delay between the probe and the THz detection pulse, 
!!"# . The signal that is measured is the relative change in transmitted THz electric field, 
∆!(!!, !!)/!, which is a function of both delays. The notation for the transmitted THz 
electric field with the pump pulse on will be represented by !!, while ! will represent the 
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transmitted THz field with pump pulse blocked by a chopper (this also is referred to as 
the reference pulse) and!∆! = !! − !. Since both time delays can be varied for an 
experiment, there are typically two different TRTS measurements that are used. The 
first measurement obtains the dynamics of photoinduced carriers, where the THz delay 
is held constant at the maximum value of the THz pulse, !!"#, and the pump-probe 
delay is scanned, yielding ∆!(!!; !!"#)/!. The second measurement is used to extract 
the frequency-dependent complex photoconductivity, where the entire transmitted THz 
waveform is measured by scanning the THz delay for fixed values of !!(∆! !!; !! !). 




Figure 3.2: Schematic of the TRTS measurement made on Si nanostructures dispersed 
in a solvent. In this experiment the pump pulse is 400 nm with pulse duration of ~250 fs 
and the probe light is a single cycle THz pulse.  There two delays that can be varied in a 
TRTS experiment are shown. The delay between the THz probe and optical pump pulse 
is denoted as !!, where the delay between the transmitted THz pulse and the detection 
pulse is labeled as !!. The Si NWs/NCs are dispersed into either chloroform or hexane 
and stored in a sealed cuvette. During the measurement the samples are also stirred to 
avoid photocharging and agglomeration during the measurements. 
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spectroscopy. The THz waveform measurements collected in the time-domain are then 
Fourier transformed and converted into a complex frequency-dependent 
photoconductivity spectrum, ! !; !! . Details of this procedure can be found in the data 
collection and analysis section in Chapter 2. In this study the wavelength of the 
photoexcitation pulse used to photoexcited carriers was 400 nm (3.1 eV). 
The average photoconductivity can be related to ∆! !!; !!"# /! by the equation 
derived in Chapter 2 (Eq. 2.33):  
 
 ! !! = − ∆! !!;!!"#!
!!!"
!!!
κ                                  (Eq. 3.1) 
 
where !! is the permittivity of free space, ! is the speed of light, ! is a constant that 
depends on the experimental configuration, κ  is a local field correction factor that 
accounts for small dielectric ellipsoids embedded in a low dielectric medium, !! is the Si 
volume fraction and !!  denotes averaging over all Si NWs/NCs, NW/NC geometries, 
and the THz frequency bandwidth. For high OD samples, z is the optical penetration 
depth and for the low OD samples, z is the thickness of the cuvette or sample. For the 
dilute Si NW samples, the OD of the solution is very low so we can use the value for ! 
which is determined in section 2.3.3 for a physically thick but low absorbing sample: 
! = (!!!!)!(!!!!)!!(!!!!!) . For the Si NW samples, ! and is the index of refraction of chloroform 
at THz frequencies (!!!! =1.46)17, !! = !!  and is the index refraction of the quartz 
cuvette (!!= 2.16)18 and ! is the cuvette thickness of 2 mm. For the NC samples, which 
have a higher OD and thus absorb more light, we use ! that is determined for a thick 
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sample which absorbs the majority of the light near its surface: ! = ! + !! !/4!!′. In 
this case, !!  is the index of refraction of hexane (!!!"= 1.42),19 !′  is the index of 
refraction of the quartz cuvette and ! is now the optical penetration depth of the sample. 
The optical penetration depth was calculated from the sample’s absorption coefficient at 
400 nm from Eq. 2.38 to be ~0.2 mm. The same procedure was used for determining ! 
for the bulk c-Si wafer, where most of the light is absorbed near the surface as the 
optical penetration depth of 400 nm light in bulk c-Si is ~105 nm. For bulk c-Si 
measurements, we take !′ to be the index of refraction of air (!!"# = 1) and ! as the 
index of refraction of bulk Si (!!" = 3.4).  
We also determined !! for the Si NW and Si NC dispersions from the calculated 
absorption coefficients as well as the absorption cross sections. We calculated the 
absorption cross section (σ!"#) for the NWs using a local field approximation method 
detailed by Giblin and Kuno.20 For 90 nm Si NWs we calculated σ!"# = 2.52x10-7 cm2 
and for the 30 nm NWs, σ!"# = 2.82x10-8 cm2. For the Si NCs sample, we calculated 
σ!"# =1.82x10-15 using a different method based on results shown in a report by Beard 
et al. where σ!"# scaled linearly with the volume of the NC.21 The Si volume fractions 
were determined to be 2.66x10-6, 2.89x10-7,and 3.47x10-6, for the Si NW samples A, B 
and C, respectively and 1.06x10-3 for the 6.3 nm NC sample. 
To determine κ for the nanostructures, we employed an effective media theory 
(EMT), since the wavelength of light corresponding to THz frequencies (~100 µm to 2 
mm) is much larger than the dispersed nanostructures. Work done by Giordano shows 
how an effective permittivity (!!"") of a dispersion of dielectric ellipsoids can be obtained 
using EMT where the dielectric ellipsoids, with permittivity !! , are embedded in a 
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homogenous matrix with permittivity !!.22 Both dilute and concentrated dispersions were 
considered as well as oriented and randomly oriented ellipsoids. In this study, the 
dispersions consist of dilute randomly oriented cylindrical rods (Si NWs) or spheres 
(NCs). The values for κ!" and κ!" can then be determined from Eq. 2.34 and 2.35 to 
be: 
 
 κ!" = ! !!!!!!!"!!!!! !!!!!!!!"                (Eq. 3.2) 
and  
                
 κ!" = ! !!!"!!!"!!!!"!                (Eq. 3.3) 
 
where the permittivity values for the two solvents are !!!! = 2.13 and !!!"= 2.02.19 The 
permittivity value used for the Si NWs was taken to be the bulk value !!"=11.7,18 while 
the value for the Si NCs was reduced due to changes in their electronic structure when 
quantum confined and can be calculated according to from Ref 23 to be !!" = 9.61 for a 
6.3 diameter Si NC.23 No additional corrections were needed for bulk c-Si and thus κ =1 
for the bulk case. In general, κ is both complex and frequency-dependent, however, in 
these experiments the solvents and nanostructures do not absorb significant THz light 
in their ground state and the frequency-dependence is minimal.  
3.3 Ultrafast Carrier Dynamics 
In Figure 3.3 we display the carrier dynamics for each of the 5 samples. Figure 
3.3a illustrates the time-dependent photoconductivity for the NW samples under 
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photoexcitation conditions that produce identical initial carrier densities (!! ). The 
photoconductivity of a material depends on the product of the mobility and carrier 
density, ! !! = !"(!!) ∗ !(!!), where both the mobility and carrier density can be time-




Figure 3.3: a) Carrier dynamics of Si NWs measured at the same photoinduced carrier 
density (4.4e19 cm-3). The purple and green circles represent 90 nm diameter Si NWs 
for as-grown and Ar-annealed samples, respectively. The red circles represent 
annealed 30 nm diameter Si NWs. b) Shows the normalized carrier dynamics of bulk c-
Si (black squares), the 30 nm diameter Si NWs (red circles) and 6.3 nm Si NCs (blue 
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mobility of the corresponding NWs, since each sample has presumably the same initial 
cooling and/or intervalley scattering and (2) the mobility is dependent on the carrier 
density, which is itself time-dependent. Hot carrier cooling and intervalley scattering are 
only important at the earliest times (!!< 2 ps), whereas the mobility in Si only varies 
slightly with the change in carrier density (see Figure 3.4).  We therefore only consider a 
time-dependent carrier density ! !! = !" ∗ !(!!). We therefore can associate changes 
in the peak amplitude of the THz signal in Figure 3.3a with changes in the intrinsic 
carrier density. We therefore can conclude that the intrinsic mobility of the NWs is 
improved when the samples are annealed, since the THz signal magnitude for sample A 
and B are larger than the as-prepared NWs (sample C). We also observe faster 
dynamics as the diameter of the NWs is decreased. This is most likely due to a larger 
surface-to-volume ratio in the smaller diameter wires, which presumably speeds carrier 
recombination. In Figure 3.3b, we display the normalized ! !!  dynamics of the 6.3 nm 
Si NCs and compare them to the normalized signals of the 30 nm Si NWs (sample A), 
as well as bulk c-Si. From this plot, it is clear that the dynamics for the nanostructures 
are considerably different than bulk c-Si, where much faster decay processes occur. For 
the Si NCs, we observe an initial rapid decrease in the photoconductivity followed by a 
long-lived signal, which lasts well past the 1 ns window of our experiment. We attribute 
the fast dynamics to hot carrier relaxation, which will be described in more detail in 
Section 3.5. The long-lived portion of the Si NC dynamics resembles the long lifetime 
observed for the bulk sample. This bulk-like lifetime is absent in the Si NW dynamics 
and can be attributed to a high level of surface recombination and suggests that the 




Figure 3.4: Fluence-dependent photoconductivity measurements on the thermally 
oxidized, 30 nm diameter Si NWs a), the argon annealed 90 nm Si NWs b), and the as-
prepared 90 nm diameter Si NWs c). The data are globally fit with a surface 
recombination model described in the text.  
a)

































































































We measured ! !!  as a function of excitation fluence and display the results for 
the NCs and the three NW samples in Figure 3.4. We also compare the normalized 
dynamics for these samples where the data from Figure 3.4 is normalized to the peak of 
each transient. These plots are shown in Figure 3.5. From the normalized data we 
observe faster dynamics at higher fluences for the as-prepared 90 nm Si NWs (sample 
C). This non-linear decay could arise from impurity related Auger processes.  Carrier-
carrier Auger lifetimes in bulk c-Si have been observed to be ~1-2 ns at excess carrier 
densities of ~1019 cm-3,24 which is considerably longer than the decay measured here 
for similar carrier densities (~150 ps). One possible explanation is residual gold trapped 
inside the as-prepared NWs could mediate an excitonic Auger recombination process in 
the wires. In the excitonic Auger recombination model, an exciton encounters an 
impurity with a mid-gap energy level and either the electron or hole from the exciton is 
captured into the impurity level, giving up it’s excess energy to the other charge.25 Such 
a process could explain the ~150 ps decay observed here. The fluence-independent 
dynamics observed for the annealed samples (A and B) in Figure 3.5 indicates that this 
process does not occur in these samples. The NC dynamics also display a slight 
dependence on input fluence, which is mostly due to changes in the hot carrier 
relaxation dynamics. 
We model the time-dependent carrier density for the Si NWs plotted in Figure 
3.4(a-c) by solving the diffusion equation for an infinitely long cylinder with boundary 
conditions that incorporate a surface recombination velocity (SRV).26 From these 
calculations, we obtain the following surface recombination model for the average 




Figure 3.5: Panels a), b), and c) show the normalized fluence-dependent carrier 
dynamics and corresponding fits for the 90 nm diameter, Ar annealed 90 nm diameter 
and the O2 annealed 30 nm diameter Si NW samples respectively. Panel d) shows the 
normalized carrier dynamics for the 6.3 nm Si NCs. The solid lines represent a tri-
exponential decay fit described in the text.  
 
                                !!" !! = !!!!!" (1− !)!!
!!
! !! + !!!!!/!                       (Eq. 3.4) 
 
where !!!is the initial photoinduced carrier density, ! is the Si NW radius, ! is the SRV, 
and !!" is the mobility of the wire at the peak of the transient. For each sample, the 
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fluence-dependent data were globally modeled to extract values for !!" and!!. The 
initial photoinduced carrier density was determined by !! = !!"# ∙ !!/! where !!"# is the 
absorbed photon fluence and ! is the penetration depth of the photoexcitation pulse. 
 In order to account for the observed fast decay in the as-prepared wires 
(!! < 100!!"), we include a second exponential decay term (!) and scaling factor !, 
which is associated with the intensity dependent recombination. In the global fit, ! was 
allowed to vary with pump fluence for sample C and was held zero for samples A and B. 
The values of ! ranged from 0.01 to 0.33 for the as-prepared wires and ! was a global 
variable in the model. The best-fit values are reported in Table 3.1. We find that the Si 
NW decay dynamics are completely governed by surface recombination. It is likely that 
annealing causes residual gold, initially located in the interior of the NW, to diffuse to the 
surface27-28 leaving behind a higher quality Si NW core.  Such a process could explain 
the higher SRV observed for the annealed wires compared to the as-prepared wires 
and the higher mobility measured in the annealed samples compared the as-prepared 
sample.  We therefore conclude that annealing the Si NWs increases the quality of the 
core at the expense of the surface. 
To model the Si NC data, we employed the tri-exponential decay function, 
 
    !!" !! = ! ∗ !!!!/!!! + ! ∗ !!!!/!!! + !! ∗ !!!!/!!              (Eq. 3.5) 
 
where the three lifetimes correspond to a hot carrier cooling and carrier-carrier 
recombination lifetime ( !!! ), an Auger (exciton-exciton annihilation) recombination 
lifetime (!!!), and a single exciton recombination lifetime (!!). The coefficients A,#B,#and 
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C represent the fraction of signal associated with the lifetimes: !!! , !!! , and !! , 
respectively. For this model we impose the condition C#=#1#–#A#–#B.#  Table 1b tabulates 
the results. The carrier-carrier effects were examined through fluence dependent 
measurements (see Figure 3.5d), which revealed that the fast decay component 
decreases linearly with fluence, consistent with Auger recombination. In contrast to 
NWs and bulk Si, Auger recombination in nanocrystals is enhanced relative to bulk.29 
The ~50 ps Auger decay time that we observed for the NCs is consistent with literature 
values.21   
The Si NC kinetic model used in this chapter is intended to obtain the relative 
lifetimes for hot carriers, multiexcitons and single excitons. In Chapter 4, we will provide 
a more comprehensive model that takes into account the absorption of more than one 
photon per NC as well the affect the system response of our experiment has on the fast  
 
Table 3.1: Modeling results of Si NW and Si NC carrier dynamics 
 
(a) Si NWs (Surface Recombination Model) 
 
Sample s (cm/s) #$(cm2 V-1 s-1) τ1 (ps) !!$(%) 
A 30 nm 
(annealed) 
1665 (24) 60 (0.5)   
B 90 nm 
(annealed) 
1768 (30) 38 (0.4)   
C 90 nm 1098 (36) 13 (0.2) 144 (8) 3 (0.2) 
 
(b) Si NCs (Tri-exponential Decay) 
 
Sample A (%) B (%) C =1-A-B (%) τHC$(ps) τXX (ps) τX (ns) 
6.3 nm 47 (2) 16 (2) 37 1.5 (0.1) 51 (16) 7 (2.7) 
 
Standard deviations for the fitting parameters are shown in parentheses  
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dynamics. The solid line overlaid on the bulk c-Si dynamics in Figure 3.3b was obtained 
by fitting the data with a single exponential decay curve. The extracted lifetime for bulk 
Si was 7±3 ns, which can be thought of as a lower limit for the free carrier lifetime since 
the data is relatively flat over the 1 ns measurement window, and thus obtaining an 
accurate lifetime is difficult. 
SRVs have been measured in Au-catalyzed, VLS-grown Si NWs samples, both 
in single NW device geometries9-11 and in Si NW arrays on a c-Si substrate.13 Single 
NW devices consisting of phosphorous doped Si NWs exhibit SRVs of ~30,000 cm s-1 
which are attributed to defects associated with the native oxide that remains on the 
surface of the NW. In that study, SRVs increased by an order of magnitude as the NW 
diameter was varied from 93 nm to 35 nm.9 In contrast, here we find the SRV only 
changes by 100 cm s-1 when the diameter varies from 90 to 30 nm. The dynamics of the 
30 nm NWs compared to the 90 nm NWs is much faster (see Fig. 2) even though the 
SRV is similar because there are more carriers near the surface in the smaller NWs.  
Various researchers have attempted to reduce SRVs by applying different 
passivation schemes. By coating the Si NWs with a thin layer of a-Si, Dan et al.  
demonstrated a large reduction in the SRV of their Si NWs, from 30,000 cm s-1 for 
uncoated wires to ~4,500 cm s-1 for the a-Si coated NWs.10 Heating the NWs can 
effectively passivate the Si NWs via annealing of defects. SRVs calculated from 
measurements made on single NW Si solar cells are similar to the values reported here, 
with a maximum calculated SRV of ~1350 cm s-1.11 In those studies, the NWs were 
effectively passivated when electrically heated in order to produce rectifying junctions in 
the NW. In another study, low SRVs (~20 cm s-1) were measured via time-resolved PL 
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for thermally passivated Si NWs.13 The NWs were first thermally oxidized at 960°C 
(similar to our 30 nm Si NWs) and then annealed in a forming gas atmosphere at either 
960°C or 450°C. In those measurements, the Si NWs were not detached from the 
underlying substrate and it is unclear what effect the Si substrate plays in extracting 
SRVs.  
We note that photo-electrical measurements on isolated nanostructures are 
easier to interpret and only reflect the properties of the nanostructure itself. For 
example, a careful study by Ulbricht et al. on Si NWs still attached to c-Si substrate, 
where they were able to successfully separate the contributions from carriers residing in 
the bulk Si substrate and in the Si NWs.30 While that study revealed an approach that 
allowed for the quantification of the dynamics and charge transport, it was not a direct 
measurement since prior knowledge of the substrate’s electrical properties were 
needed. Here we disperse the NWs in a solvent prior to TRTS measurements, which 
allows for a direct measurement of the electrical properties of the NWs. Another 
technique used to extract electrical properties of NWs from TRTS is to remove them 
from their substrate and then transfer them to a quartz substrate.6, 31-32 However, there 
is the potential for wires to overlap and possibly interact, which could affect the carrier 
dynamics. Instead, dispersing the wires into a solvent and stirring the solution would 
minimize NW aggregation and assure the measurements reflect the average response 
of an isolated NW. 
3.4 Surface Recombination Model 
We model the time-dependent carrier density for the Si NWs by following the 
work done by J.P. McKelvey to solve the diffusion equation for an infinitely long cylinder 
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with boundary conditions that incorporate a surface recombination velocity (SRV).26 The 
decay and diffusion of carriers in a semiconductor cylinder of radius ! and length ! can 
be determined by solving diffusion equation in cylindrical coordinates 
 
 !∇!! − !! = !
!"
!"                                              (Eq. 3.6) 
 
with the boundary conditions 
 
 −! !"!" !!! = !" !,!, !, ! ,                                   (Eq. 3.7) 
 
 ! !,!, !, 0 = !!                                           (Eq. 3.8) 
 
 ! !,!,±!, ! = 0                                           (Eq. 3.9) 
 
where !(!,!, !, !) is the photoinduced carrier density in the sample, s is the SRV, !! is 
the initial absorbed carrier density, ! is the bulk recombination lifetime and D is the 
ambipolar diffusion coefficient. The diffusion coefficient can be obtained through the 
Einstein relation as ! = !!!!/!,  where !!  is Boltzmann’s constant, !  is the 
temperature, ! is the charge of an electron and ! is the mobility of material.  
We have taken the axis of the cylinder as the z-axis with the origin of the 
coordinates located at the center of the sample. The solutions to the diffusion equation 
for a cylinder should then be of the form:26 
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 !!" !,!, !, ! = !!"!! !!! !"# !!! !!!!"
! !"                      (Eq. 3.10) 
 
where !!"! = !!! + !!!,!!!!!,! are Bessel functions of zero order and !!  and !!  are the 
eigenvalues of the system. We also add the condition that the solutions approach 0 as 
! → ∞, which ensures !, ! and ! be real quantities. The boundary conditions given 
above are satisfied provided:  
 




 !!" !,± !! , ! = 0                                        (Eq. 3.12) 
 
Substituting Eq. 3.10 into Eq. 3.11 and Eq. 3.12, we can see that the eigenvalues !! are 
those that satisfy the equation 
 
 !!(!!!)!! !!! =
!!!
!                                              (Eq. 3.13) 
 
and the eigenvalues !! can be determined from 
   
 !! = (!!!!)!!        (Eq. 3.14) 
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If we assume that each NW is uniformly excited in the solution with carrier density !!, 
which is a reasonable assumption due to the low OD of our samples (<0.15), the 
general solution for the carrier density is 
 
 ! !, !, ! = !!!!
!! !!!!!(!!!)!!(!!!)!"#(!!!)
(!!!!)!!! !!! !!! !!!! !!!!,!!!
!!!"! !"!
!
!            (Eq. 3.15) 
 
In order to get the total number of carriers in the sample (Υ), we integrate Eq. 3.15 over 
the volume of the cylinder, giving 
 






!,!                       (Eq. 3.16) 
 
where !!" is the volume of the nanowire. This equation can be further simplified. First, 
if the condition that ! ≪ !/! is met, then !!! is very small, in which case26 
  
 !!(!!!)!! !!! ≅
!
!!!
                                             (Eq. 3.17) 
 
and we can then easily solve Eq. 3.11 for the first term (! = 1) 
 
 !!(!!!)!! !!! ≅
!
!!!
= !!!!                                         (Eq. 3.18) 
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and thus !!! = 2!/!. In this experiment the above condition can be shown is satisfied if 
we consider what value ! would need to be in the limiting case of very low mobility 
values for the Si NWs. For example, if the 90 nm NW’s mobility was ~20 cm2 V-1 s-1, 
then the surface recombination velocity would need to be ~1x106 cm s-1. We will show 
in the next section that the extracted mobility values for the Si NW samples are much 
higher than this (~400-1000 cm2 V-1 s-1), meaning we would need even higher ! values 
to be on the same order of magnitude as !/!. It is therefore a safe assumption we are 
in the ! ≪ !/! limit and can make this simplification. 
A second simplification can be made considering the length of the NWs in these 
samples is much larger than their radius. The solutions to the diffusion equation that has 
surface recombination can be reasonably approximated by the solutions for a cylinder of 
infinite length.26 In this case, we let ! → ∞ and thus the eigenvalues !! → 0 and the z 
dependence thus vanishes. The summations over ! can then be easily calculated, 
 
 (2! − 1)!! =! !
!
!                                         (Eq. 3.19) 
      
and thus  
 









!!!               (Eq. 3.20) 
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In our model, we have simplified Eq. 3.20 even further by only taking the first 
term (! = 1) since higher order contributions are negligible. So dropping the higher 
terms and rewriting Eq. 3.20 we obtain 
 
 Υ ! = ! !!!"!!(!!"/!)!! !
!(!!!!
!
!)!                                   (Eq. 3.21) 
 
In order to model the photomodulated signal (,∆E/E), we use the proper parameters in 
Eq. 3.1 to obtain an expression for NW photoconductivity, !!" !! : 
 





                   (Eq. 3.22) 
 
as mentioned earlier, the time-dependent photoconductivity is, in our case, the product 
of the mobility and the time-dependent carrier density: ! !! = !" ∗ !(!!), and so, using 
our expression for Υ(!!) in Eq. 3.21, we can write the photoconductivity as 
 





!)!                  (Eq. 3.23) 
 
This equation can be further simplified by identifying 2!"/! ≪ 1  and thus, the 
denominator on the right hand side reduces to a value of 4, and thus obtaining our 
surface recombination model: 
 




!)!                                 (Eq. 3.24) 
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3.5 Time-Domain Terahertz Spectroscopy: Carrier Mobilities 
To further understand the electrical differences of the Si nanostructures, we 
measured and compared !(!) of bulk c-Si, 30 nm Si NWs and 6.3 nm Si NCs for a 
variety of pump fluences (see Figure 3.6). The time-domain terahertz waveforms used 
to create the photoconductivity spectra can be found in Figure 3.7. When comparing 
! !  for the nanostructures to their bulk counterpart, there is a noticeable difference in 
the spectra. In nanostructures, the imaginary component of the 
photoconductivity,!!" ! ! , is negative (shown as the shaded region), while the real 
part, !" ! ! ,  decreases with decreasing frequency. For bulk c-Si, the data 
corresponds to the Drude model of conductivity. The Drude model, operative in most 
bulk semiconductors, is the simplest model of conductivity and treats conduction 
electrons as free to move under the influence of an applied field. The model predicts a 
maximum value in !" ! !  at zero frequency (or dc) while!!" ! !  is zero, at zero 
frequency, and increases with increasing frequency to a maximum, which occurs at the 
carrier scattering rate. In contrast to the NW and bulk c-Si data, the photoconductivity 
spectra for the Si NCs changes as a function of !!. At early delay times (500 fs), 
!" ! !  is non-zero and resembles that of the NW spectra, but decreases significantly 
by 2 ps and is completely quenched by !! = 10 ps (Figure 3.6a). The!!" ! !  contains 
only negative values and linearly decreases with increasing frequency where only the 
amplitude changes with !!, but still remains even after 100 ps (Figure 3.8). To model 








Figure 3.6: Panels a, b, and c, show the real (blue circles) and imaginary (red circles) 
parts of the photoconductivity for 6.3 nm Si NCs, 30 nm diameter Si NWs and bulk c-Si, 
respectively. In Panel a, we show the dependence of the complex photoconductivity as 
the pump-probe delay is varied. Panel d shows the extracted mobilities as a function of 
photoinduced carrier density for the Si NCs, Si NWs and bulk c-Si (see text). The 
mobilities extracted from the peak amplitudes of the Si NW time-dependent 
measurements are shown as open squares where the 90 nm, annealed 90 nm and 30 
nm Si NWs are colored purple, green and red, respectively. The solid lines shown in 
panels a and b represent best fits from the Drude-Smith photoconductivity model 
described in the text, while the solid lines in panel c represent the best fit from the 
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Figure 3.7: Time domain signals E(!!) and -∆E(!!) of bulk Si (panel a), Si NWs (panel 
b) and Si NCs (panel c). The time domain measurements were taken at a fixed pump 
probe delay of 10 ps for bulk Si and 2 ps for the Si NWs. For the Si NCs we include the 
waveforms measured at 500 fs (red), 2 ps (green) and 10 ps (blue) that were used to 
produce the photoconductivity spectrum shown in Figure 3.6a, and indicate no time-
dependent phase shift. The transmitted reference electric field, E(!!), is shown in red 
and the scaled, transmitted photomodulated electric field, -∆E(!!), is shown in blue for 
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Figure 3.8: Photoconductivity spectrum of the 6.3 nm Si NCs measured at a pump-
probe time delay of 100 ps.  
 
 




(!!!" ! )                                 (Eq. 3.25) 
 
where !  is the scattering time, ! is the radial frequency, !! is the plasma frequency, 
and ! is the persistence of velocity term that can range between 0 and -1. A value of -1 
indicates carrier localization and a value of 0 returns the Drude model. The plasma 
frequency is related to the photoinduced carrier density through !! = !!!/!!!∗ , 
where ! represents the carrier density, !∗ is the effective mass, and ! is the charge of 
an electron. When modeling !!(!) , we simultaneously fit the real and imaginary 
components using Eq. 3.25 and extract the mobility (! = ! ! !∗) and carrier density 
for the Si NWs and bulk c-Si (Fig. 3.6d). Representative plots of the photoconductivity 


























For both bulk c-Si and the Si NWs, we observe the mobility decreases with 
increasing carrier density, implying increased carrier-carrier interactions and is 
consistent with the Caughey-Thomas relation.34 The extracted mobilities for the Si NWs 
are similar to the measured bulk c-Si values over equivalent carrier densities, but much 
lower for the Si NCs. In past studies, mobility values of carriers within the Si 
nanostructures were found to decrease as the size of the c-Si domain decreases.35 One 
cause of a reduced mobility in a semiconductor can be linked to the carrier mean free 
path (!!), which is the average distance a charge carrier travels prior to undergoing a 
scattering event. For bulk c-Si, !! is on the order of 40 nm. When a nanostructure’s 
dimensions are reduced to be on the order of or less than !!, then the mean free path is 
reduced, thus decreasing the scattering time and increasing the scattering frequency. A 
shorter scattering time results in a lower mobility21 (! = ! ! !∗). Therefore, if the 
nanostructure’s characteristic size is greater than !! , we can expect mobility values 
similar to that of the bulk semiconductor and for sizes below !!, the mobility will be 
reduced.   
Figure 3.9 illustrates the dependence of the c parameter, which is a measure of 
carrier localization in the nanostructures, on the photoinduced carrier density extracted 
from the photoconductivity data shown in Figure 3.6(a,b). The linear decrease in c with 
carrier density observed for the Si NWs illustrates how the carriers excited in the NWs 
become more localized as the carrier density within the wire increases. As the carrier 
density increases, carrier-carrier interactions increase and thus the carrier transport will 
be reduced due to scattering carrier-carrier interactions and backscattering from the 




Figure 3.9: Dependence on carrier density of the persistence of velocity term (c ) for the 
fits of the photoconductivity of the Si NW and Si NC samples from Figure 3.6. Solid lines 
are linear fits to the data.    
 
Figure 3.6d. For the Si NCs, on the other hand, we did not observe a dependence on 
carrier density. Instead, all of the extracted values for c lie between -0.99 and -1, where 
-1 represents complete localization. When one dimension of the NCs is reduced to near 
the Bohr exciton radius (!!), the conductivity necessarily is further modified. The Bohr 
radius is a parameter that describes the spatial extent of the exciton wavefunction in a 
bulk semiconductor. When the NC dimension is less than !! one or both of the carriers 
are confined and their wavefunction is delocalized over the nanostructure.  The free 
carrier motion is thus restricted by the confinement in this size regime (unless the carrier 
can move to a nearby NC), and in this regime the terahertz response is mainly 
associated with the dielectric polarization of excitons.36 The exciton polarizability in a 
quantum confined structure has been measured using TRTS,37-40 where the change in 



















equivalently expressed as a purely imaginary response in the conductivity over the 
bandwidth of our experiment. The Bohr radius for Si, defined for carriers in their lowest 
excited energy state, is !! = 4.7 nm. For the Si NCs studied here, with a diameter of 6.3 
nm, we would expect the carriers to be mostly confined, and thus expect to see a purely 
imaginary spectra at later delays where the exciton is no longer in an excited state. We 
observe this type of spectra for !! > 2 ps, consistent with the formation of excitons in 
the NCs. In contrast, carriers initially excited by the 400 nm pump pulse exhibit 
characteristics of free-carriers (!" ! ! > 0) for !! < 2 ps and we have extracted a 
mobility at !! = 500 fs (Figure 3.6d). Hot carriers (carriers with excess kinetic energy) 
can have much smaller wavefunctions depending upon the nature of the electronic 
structure.41 Such carriers could result in absorption of the THz probe since in this 
regime the electron and hole would behave more like free-carriers. Another 
consideration is that we are observing an off resonant contribution to the !" ! !  
response due to a broadened resonance just outside of our measurements bandwidth. 
This is an unlikely scenario as recent reports on ultrabroadband measurements of the 
complex photoconductivity of isolated Si NCs embedded in SiO2 do not show such a 
resonance.42 We therefore ascribe the initial response of the Si NCs to hot carriers that 
relax to form excitons within 2 ps (fast decay in Fig 3.3b) thus shifting the frequency 
response to higher frequencies than that of the THz bandwidth. The exciton lifetime is 
similar to the carrier lifetime in bulk Si and not effected by the NC surfaces as for the 
NWs.  The long lifetime is consistent with the high PL QYs observed for Si NCs43 and is 




In conclusion, we have measured the photoconductivity of isolated Si nanowires 
and nanocrystals. In contrast to the carrier dynamics of bulk Si and Si NCs, we find that 
the carrier dynamics of Si NWs are dominated by the NW surface. Annealing increases 
the carrier mobility within the NW at the expense of higher surface recombination 
velocities, which we ascribe to movement of Au from the core of the wires to their 
surfaces. We have also measured the time-resolved electrical properties of isolated Si 
NCs. The ultrafast carrier-dynamics of the Si NCs reveal that hot carriers are initially 
created in the NC which then cool over a period of ~2 ps, after which excitons are 
formed. The carrier dynamics show a multiple exciton lifetime of ~50 ps followed by a 
long-lived exciton (>7 ns). Mobility values of the hot carriers initially created in the NC 
were extracted from frequency-dependent photoconductivity measurements for a variety 
of carrier densities. 
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SIZE DEPENDENCE OF HOT CARRIER RELAXATION AND THE EXCITON 
DYNAMICS IN COLLOIDAL SI QUANTUM DOTS  
 
Abstract 
We report on the size dependent carrier dynamics measured for colloidal silicon 
quantum dots by time-resolved terahertz spectroscopy. We find the dynamics indicate 
that initially hot carriers are produced, which then relax to longer-lived excitons. Here we 
report experimental evidence of an increase in the hot carrier lifetime, from ~600 fs - 1 
ps, as the size of the quantum dot is reduced. The transition from hot carriers to 
excitons is confirmed with THz frequency photoconductivity spectra, where the 
signatures of both species can be identified. From these measurements, the 
polarizability of the excitons can be extracted, which follows an ~!! dependence. The 
ability to differentiate between excitons and free carriers makes time-resolved terahertz 
spectroscopy a powerful technique for understanding the complex carrier relaxation 
processes that can occur in semiconductor quantum dots.  
4.1  Introduction 
In order to obtain a high efficiency photovoltaic (PV) device, the solar cell must 
be able to effectively harvest photons with a wide range of energies spanning from the 
UV to the infrared parts of the electromagnetic spectrum. In single junction devices, the 
voltage that can be extracted usually does not exceed the bandgap (Eg) of the material. 
The energy that could possibly be gained from absorbed photons with energy greater 
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than Eg is typically wasted, in the form of heat, to the lattice. If this excess energy, 
instead, could be converted into useful energy, the efficiency of the PV device could be 
greatly improved. In bulk semiconductors like silicon, hot carrier relaxation is typically 
mediated by the emission of optical phonons and is a very fast process, on the order of 
~250-400 fs. 1-4 This makes it difficult to collect the excess energy from hot carriers 
before they thermalize. However, when the dimensions of a semiconductor are reduced, 
the separation of energy levels increases, which should slow down phonon-assisted 
cooling as the energy spacing becomes greater than certain phonon transitions. Hot 
carrier relaxation is a complex system where other pathways can still provide fast 
relaxation of a hot carrier, even if phonon-assisted cooling is reduced. Only when other 
relaxation pathways have been turned off, has the slowed phonon-assisted cooling 
effect been observed in semiconductor quantum dots.5 Slowed hot carrier cooling would 
be beneficial in PV devices as it would allows for processes like space-separated 
quantum cutting6 and multiple exciton generation (MEG)7-8 to compete, both of which 
could be utilized to increase the efficiency of a PV device. 
Silicon nanocrystals (Si NCs), in particular, have been frequently studied in the 
past decade both theoretically9-12 and experimentally6-8, 13-19 Many of these studies were 
conducted on Si NCs embedded in an SiO2 matrix, where it is clear that there are many 
potential relaxation pathways for hot carriers including, no-phonon radiative 
recombination20, Auger processes9, 12, surface trapping13 and the formation of self-
trapped excitons14, 19 as well as phonon assisted cooling.9, 11 From those studies, it is 
clear that hot carrier relaxation in Si NCs a very complex system to study.  
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In this study, we utilize TRTS to measure the ultrafast dynamics of photoexcited 
carriers in dodecene passivated Si QDs with sub-picosecond time resolution. We will 
also use the unique capability of TRTS to spectrally resolve the signatures of hot 
carriers and excitons in order to better understand the ultrafast dynamics in Si QDs.    
4.2  Experimental 
Four different Si QD sizes, ranging from 3.5 nm to 6.3 nm, were synthesized by 
the decomposition of silane gas in an RF-enhanced nonthermal plasma reactor. The 
synthesis procedure can be found in Chapter 3. In order to control the size of each 
sample, the particle residence time within the plasma was altered. This was 
accomplished by changing the RF power used to produce the plasma as well as by 
changing the reactor pressure. The longer residence times produce larger QDs while 
shorter residence times result in smaller Si QDs. Out of the reactor, the Si QDs are 
hydrogen passivated which are then be replaced with 12-carbon chain, dodecyl ligands 
via hydrosilylation. The organic ligands serve to passivate the Si QD surface as well as 
allow for the QDs to dissolve in a hexane solution. The colloidal Si QD solutions were 
then transferred into a 2 mm thick quartz cuvette for the TRTS experiments.  
In this experiment, the Si QD samples were photoexcited with a 400 nm pump 
pulse and then sequentially probed with a terahertz pulse. The transmitted, 
photomodulated differential signal (−Δ!/! ) of the probing THz electric field was 
measured. The kinetics of the four different samples were obtained by monitoring the 
absorption of the peak of the THz waveform while changing the time delay !!  between 
the arrival of the pump and THz-probe pulses. 
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4.3  Carrier Dynamics 
Fluence dependent carrier dynamics were measured for each size of Si QDs. 
The dynamics for each sample is shown in Figure 4.1a, where the data has been 
normalized to the peak amplitude of the measured signal. For these measurements, the 
average number of photons absorbed by a QD, !! , is held constant to a value of ~0.5 
for each sample. For all Si QD sizes, we observe similar kinetics. First we observe an 
initial sub-ps decay, which is then followed by a longer-lived component. As mentioned 
in the study in Chapter 3 on the 6.3 nm Si QDs, we attribute the fast dynamics to hot 
carrier relaxation in the QD. After thermalizing, the excited carriers transition into bound 
excitons. The average number of excitons per QD can be determined for each 
measurement from the input fluence and the absorption cross section of the QD. The 
distribution of number of absorbed photons per QD are assumed to be a Poisson 
distribution.7 When more than one photon is absorbed by a QD, multiexcitons are 
produced which will then decay to a single exciton through Auger recombination or 
possibly multiple excitons if the photon energy is high enough.7, 21-25 In a publication by 
Beard et al., the biexciton lifetime was shown to scale linearly with the volume of the Si 
QD, with lifetimes ranging from ~10-100 ps for the sizes studied here.7  
From the results presented in Figure 4.1a, we observe differences in the relative 
portions of the THz signal associated with the fast (hot carrier) and slow (exciton) 
dynamics as the Si QD size is varied. First, we observe the excitonic contribution to the 
THz signal, associated with the THz amplitude at !! = 100 ps, increases with QD size. 
This trend can be understood when considering what is being probed by the THz 
electric field when there are no free carriers in the material and only excitons are 
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present. In this case, the THz probe is measuring the polarizability (!!) of the excitons 
in the QDs. This has been observed in previous THz studies on semiconductor quantum 
dots, where there was no observed real component to the photoconductivity spectrum 
of the photoexcited QDs.26-29 Instead, there existed only a linearly increasing, negative 
imaginary component. In those quantum-confined structures, the energy level spacing 
between conduction band states is large enough that no real conductivity is measured. 
Instead, the terahertz experiment is only able detect a phase-shift that is associated 
with an off-resonantly driven, intraexcitonic transition. This appears in the frequency-
dependent photoconductivity spectrum as a linear negative imaginary component. Since 
the energy spacing between the states is typically on the order of 10s of meV, the ~2 
THz bandwidth of the terahertz probe (1THz = 4 meV) does not have enough energy to 
resonantly drive this transition and thus no real photoconductivity is measured. Instead, 
the THz probe is measuring the DC polarizability of the exciton, which describes the 
response of the Si QDs to an externally applied electric field. When hot carriers are 
present, we have shown in Chapter 3 that there exists a non-zero real component in the 
photoconductivity spectrum. We can therefore distinguish the spectroscopic signatures 
of both excitons and hot carriers. This will prove to be an important tool for determining 
origin of the THz response at different time delays for the different Si QD samples. 
In previous studies, it was found that the DC polarizability of an exciton confined 
in a semiconductor quantum dot follows an ~!!  trend, where ! is the radius of the 
quantum dot. This can be understood when we consider the equation for polarizability 
 
     !! ≈ (!∙!)
!





Figure 4.1: a) Normalized size dependent dynamics for Si QDs after 400 nm excitation 
with equivalent average number of photons absorbed per dot ( !!  = ~0.5). b) Size 
dependent THz response at early pump-probe delays. Inset shows data out to 100 ps 
delay. 
 
where (! ∙ !) represents the transition dipole moment and Δ! is the transition energy 
level spacing. For a quantum confined carrier, the energy level spacing scales as 
Δ!~ℎ!/!!! , where ℎ  is Planck’s constant and !  is the carrier mass. To a first 
approximation, it is easy to recognize that the measured polarizability would scale as 
!!!~!!!.26-27, 29 We will later show that Si QDs also follow this trend, and we will discuss 
how the results for the Si QDs differ from the measurements on different semiconductor 
QDs. For now, we can conclude that the observed increase in the THz signal at 
!! = 100 ps as the QD size is increased can ascribed to higher polarizability values for 
the larger QDs. 
The raw data presented in Figure 4.1b illustrates the early time behavior of the 
carrier dynamics for each Si QD size. In this plot we observe another size-dependent 
trend where the peak THz amplitude (!! ≅ 500 fs) increases as the size of the QD 










































          Size    <No>          
 6.3nm - 0.49  
 5.0nm - 0.62  
 4.2nm - 0.55  
 3.5nm - 0.50  
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lifetime of the hot carriers in each sample. For fast response times roughly on the same 
time scale as the system response (~250 ps) of the TRTS experiment, the convolution 
of the two signals results in an observed amplitude reduction of the measured signal. If 
the initial decay process changes as the QD size is varied, then the peak amplitude will 
increase for slower responses. This would indicate that the fast hot carrier relaxation 
lifetimes are longer for small Si QDs, as they have larger peak amplitudes. An 
illustration of how the amplitude would change as fast dynamics approach the system 
response function of our experiment is shown in Figure 4.2. In this figure, we convolve a 




Figure 4.2: Simulation of a single exponential decay signa convolved with a Gaussian 
system response (green shaded area). The blue shaded area represents the expected 
decay signal if the lifetime of the exponential decay was 5x longer than the system 
response. The white region represents the expected observed signal for a lifetime 
equivalent to the system response while the red shaded area represents the expected 
measured signal for a decay lifetime that was 5x faster than the system response. An 
observed decrease in the amplitude of the signal occurs as the exponential decay 
lifetime becomes faster. The dashed lines represent the single exponential decays with 





















area). The expected decay signal for decay lifetimes that are 5x longer, 5x shorter and 
equivalent to the system response are represented by the blue, red and white shaded 
regions, respectively. The dashed lines in Figure 4.2 represent the single exponential 
decays without a convolution performed. From these simulations we see a reduction in 
the measured THz signal as the decay process becomes faster.  
To quantify these findings, we modeled the ultrafast dynamics for each dot size 




Figure 4.3: Fluence dependent carrier dynamics for the a) 6.3 nm, b) 5.0 nm, c) 4.2 nm 
















6.3 nm Si QDs
 
 2.81e15 <No>=4.89   Fit
 2.22e15 <No>=3.86   Fit
 9.78e14 <No>=1.70   Fit













5.0 nm Si QDs
 
 2.77e15 <No>=2.41   Fit
 9.74e14 <No>=0.85   Fit
 7.15e14 <No>=0.62   Fit













4.2 nm Si QDs
 
 1.41e15 <No>=0.73   Fit
 1.07e15 <No>=0.55   Fit
 7.82e14 <No>=0.40   Fit












3.5 nm Si QDs
 
 2.81e15 <No>=0.84   Fit
 1.01e15 <No>=0.30   Fit
 2.63e14 <No>=0.08   Fit
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seen in Figure 4.3. For our model we chose to solve a set of differential equations that 
describe the populations of carriers existing in three different states: (i) Hot carriers 
where one or more photons were absorbed by the QD, (ii) multiple excitons existing in a 
single QD, and (iii) a single exciton in a Si QD. The differential equations governing 
these dynamics can be written as: 
 





                              (Eq. 4.2) 
 
                            !!
!!
!" = 1− !
!!"
!!"
!− !!!!!!                 (Eq. 4.3) 
 





+ ! !!"!!" −
!!
!!
          (Eq. 4.4) 
 
where !!" represents the fraction of photoexcited QDs that contain hot excitons, !!! 
represents the fraction of QDs containing a biexciton and !! represents the fraction of 
QDs containing a single exciton. In this model we have assumed that the hot carrier 
relaxation lifetime (!!") is independent of the number of photons absorbed by a Si QD. 
Since the lifetimes for QDs with higher hot exciton populations will be much faster than 
what can be measured by our system, to a first approximation, the energy relaxation of 
a single hot exciton is reasonable. The lifetimes !!!  and !!  represent the decay of 
biexcitons, through Auger recombination, and the decay of single excitons, respectively. 
In order to determine the fraction of QDs that contain only 1 hot exciton (!), we consider 
a Poisson distribution for the number of photons absorbed per QD, which is dependent 
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on !! . We will therefore see a partition in Eq. 4.3 and Eq. 4.4 of the hot carriers that 
relax to multiexctions contained within a QD (1 − !) and those that relax to a single 
exciton (!). 
For a given input fluence (!!), which accounts for reflection losses from the 
cuvette, we can determine !!  through the equation, !! = !! ∙ !. Then, using Poisson 
statistics, we can calculate the number of QDs that have absorbed ! photons (!!) by 
the Poisson distribution function 
 
  !! = !!"!(!)                     (Eq. 4.5) 
 
where !!" is the concentration of QDs residing in the photoexcitation volume and !(!) 
is the probability function of ! given by:  
 
 ! ! = !! ! !
! !!
!!              (Eq. 4.6) 
 
In this equation, !!  is the expected value of the probability function. Now we want to 
determine the fraction of QDs in the ensemble that have absorbed ! photons (!!). In 
general we can determine !! by rearranging equation 4.5:     
    
 
 !! = !!!!" = ! ! = !!
! !! !!
!!                      (Eq. 4.7) 
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In particular, we would like to determine the fraction of QDs in the photoexcitation 
volume that have absorbed zero photons (!!), 1 photon (!!) and >1 photons ( !!!!!! ). 
Since only QDs that have absorbed at least one photon will contribute to the signal, we 
can determine the fraction of the ensemble of Si QDs within the photoexcitation volume 
that absorb a single photon through the equation 
 
 ! = !!!!!!                     (Eq. 4.8) 
 
In our model, we assume that every absorbed photon produces a hot exciton, 
which then can relax down to single or multiexcitons. This gives us the following initial 
conditions, immediately after photoexcition:! 
  
 !!" !! = 0 = 1            (Eq. 4.9) 
 
 !!! !! = 0 = 0          (Eq. 4.10) 
 
 !! !! = 0 = 0          (Eq. 4.11) 
 
The system of differential equations is then solved numerically for the exciton 
populations !!" , !!!  and !! . The global fitting function used to fit the fluence 
dependent data in Figure 4.3 is 
 
 ! ! = !! 1− !! !!" + !! 2!!! + !!         (Eq. 4.12) 
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where the final population !!"  is the sum of the Poisson distributions for QDs that 
contain one or more hot excitons, depending on the value !! . The fit function was then 
convolved with a Gaussian system response (FWHM = 500 fs) to model the data where 
the lifetimes !!" and !! and the scaling parameters !! and!!! are global variables. The 
biexciton lifetime was scaled linearly with volume from the lifetime extracted for the 6.3 
nm Si QDs in Chapter 3. The parameter !! represents a scaling parameter that is 
proportional to the magnitude of the THz signal and !!!represents the ratio of the THz 
absorption cross sections of an exciton and a hot carrier, where the absorption cross 
section in the THz regime for a free carrier is larger than that of an exciton.  The least-
squares best fits are shown for each Si QD size in Figure 4.3, indicating good 
agreement between our simple model and the measured dynamics. The overestimation 
of the model for the highest fluence in the 5 nm QDs is due to the saturation of the 
signal at higher fluences. The saturation of the peak amplitude for the 5 nm Si QDs can 
easily seen in Figure 4.4, where we plot the amplitude of the THz signal at !! = 0.5 ps 
as a function of pump fluence for each Si QD sample. 
The results of the global fit extracted for fluences where !! ~0.5 is shown in 
Table 4.1. We note that we do indeed observe an increase in the hot carrier relaxation 
lifetime ranging from ~600 fs – 1 ps, as the size of the QD is decreased. These 
relaxation lifetimes are slower than what has been measured in bulk Si 1-4 and can 
possibly be attributed to the reduction of cooling from single-phonon emission because 




Table 4.1: Fit Parameters for Si QD Size dependence at !! = ~0.5 
 












































Values in parentheses are standard deviations of the fit parameters determined from the 
least-squares global fit. 
 





Figure 4.4: THz peak amplitude dependence on fluence. As the average number of 
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We also observe that as the Si QD size increases the value extracted for !! also 
increases. This correlates with what is observed in the normalized transients shown in 
Figure 4.1a, where the effective THz cross section of the exciton is increasing with QD 
size, due to the larger polarizability of the exciton by the THz probe, while the cross 
section for hot carriers is not expected to change.   
From Table 4.1, we also observe the extracted single exciton lifetimes (!!) are 
longer lifetimes for the larger QDs. One possible explanation explanation for the faster 
decay could be due to incomplete surface passivation of the smaller QDs. The trapped 
carriers would then lead to a decrease in the THz signal at later delay times, similar to 
what was seen for the Si NW measurements in Chapter 3, where the smaller annealed 
NWs had faster dynamics, even though the calculated SRVs were similar to the larger 
annealed NWs.  
4.4  Polarizability of Excitons in Si QDs 
In order to obtain the frequency-dependent, complex photoconductivity of a 
sample, we perform time-domain THz spectroscopy measurements where !! is fixed 
and the THz detection pulse (!!) was scanned to obtain the entire transmitted THz 
waveform. The waveform is then Fourier transformed from the time domain into the 
frequency domain, which can then be readily converted into the average 
photoconductivity ! !; !!  of a Si QD in the ensemble from the frequency analog of 
Eq. 3.1: 
 
 ! !; !! = − ∆! !;!!!(!)
!"!!
!!!
κ                   (Eq. 4.13) 
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where !!  indicates an average response of a photoexcited Si QD over the THz 
frequency bandwidth of our measurement, !  is the speed of light and !!  is the 
permittivity of free space. Parameters !, κ, and !! were determined in a similar manner 
as what was shown in Chapter 3 for the 6.3 nm QDs. These values, along with other 
important parameters are tabulated in Table 4.2. The parameter ! = (!!!" + !!)!/
4!!!!!" is related to the transmission of the THz pulse through the sample where !!!" 
and !!  are the THz index of refractions of hexane and quartz respectively. The 
parameter ! was determined from an effective medium theory (EMT) for dispersions of 
dielectric ellipsoids,30 which depends on the permittivity of the solvent (!!!"#$!) and the 
permittivity of the embedded Si QDs (!!"). As the size of the Si QDs is decreased, !!" 
should be reduced and can be approximated by a generalized Penn model.31 The 
absorption cross section (!!"#) also changes with size and can be calculated using an 
equivalent volume for bulk Si while accounting for screening from the surrounding 
solvent.7 The absorption cross section along with the absorption coefficient (at the 
excitation wavelength) for each sample was used to calculate the corresponding Si 
volume fraction (!!). The absorption coefficient (!) was calculated from the transmission 
coefficient of the sample (!), which can be represented in terms of ! and the thickness 
of the cuvette (!) or in terms of the optical density (!") of the sample measured at 
excitation wavelength. We can solve for ! in terms of the measured !" through the 
equation: ! = 10!!" = !!!" . The calculated values for ! , !!"#  and !!"  for the four 





Table 4.2: Si QD sample parameters 
 
Size (nm) OD  ! (mm) !!"# (cm2) !! !!" ! 
6.3 nm* 1.28* 0.68 1.82x10-15* 1.03x10-3* 9.55* 1.11* 
5.0 nm 1.34 0.65 4.95x10-15  1.11x10-3 9.05 1.07 
4.2 nm 1.05 0.83 3.14x10-15 9.51x10-4 8.61 1.03 
3.5 nm 1.24 0.70 1.98x10-15 9.10x10-4 8.10 0.99 
 
*Values taken from Chapter 3 
 
Figure 4.5a illustrates the photoconductivity spectrum measured at different 
pump-probe delays for the 5 nm, 4.2 nm and 3.5 nm Si QD samples. In these 
measurements, the pump fluence was adjusted to ensure ! !  was ~1.15 for each 
sample, which are similar conditions to what was measured for the 6.3 nm Si QDs in 
Chapter 3. At these pump fluences, the majority of the photoexcited QDs (~85%) absorb 
only 1 or 2 photons. If we analyze the size dependence of the photoconductivity at a 
given !! (Figure 4.5b), we see that for each QD size, the spectrum is similar. At !! = 
500 fs, corresponding to the peak of the carrier dynamics shown in Figures 4.1 and 4.3, 
we observe spectra that we attribute to hot carriers due to the non-zero real component 
of the photoconductivity (Re[!]). As mentioned in Chapter 2, this spectral signature is 
typically observed for localized free-carriers in nanostructured semiconductors.17, 32-34 In 
these studies, the localized free carriers result in a restoring force, which results in a 
negative imaginary component (Im[!]). In the Si QDs, the hot carriers behave like 




Figure 4.5: Measured frequency-dependent complex photoconductivity at multiple 
pump-probe delays for the 5.0 nm (circles), 4.2 nm (triangles) and 3.5 nm (squares) Si 
QD samples. Panel a) shows progression of the photoconductivity spectrum as the 
pump-probe delay is increased for each QD size measured. Panel b) illustrates how the 
photoconductivity spectrum changes with size for a given pump-probe delay. Closed 
shapes indicate the real part of the photoconductivity while the open shapes represent 
the imaginary component.  
 
enough to not be entirely delocalized over the QD.  
As the pump-probe delay is increased from 500 fs to 2 ps, we observe a dramatic 
decrease in Re[!], but the signal is not completely quenched. Interestingly, a non-zero 
real component even still exists after 10 ps for the largest QD sizes. This indicates that 
there still remain a few hot excitons at these delay times, though the majority of the 
signal is due to bound excitons. This is a curious result when considering the hot 
exciton lifetimes extracted from the decay dynamics ranged from 600 – 900 fs. This 
signal could be due to Auger processes occurring in QDs containing more than one 









































































































excess energy to either the hole (an ehh process) or electron (eeh) of a second exciton, 
thus creating another hot carrier. The hot carrier would then contribute to Re[!] and thus 
we would expect a small real component that persists on a time scale of the biexciton 
lifetime. Indeed, a larger Re[!] signal from the 5.0 and 4.2 nm QDs at !! = 10 ps than 
the 3.5 nm QD, which agrees with the faster biexciton lifetime of the smaller dots (see 
Table 4.1). Another energy relaxation method that could explain these observations is 
fast phonon recycling, where hot electrons and holes emit optical phonons on sub-ps 
timescale, but the confined carriers can also reabsorb these phonons, so that energy 
relaxation depends on the decay lifetime of the optical phonons to lower energy 
acoustic phonons that can dissipate. A recent publication by Prokofiev et al. provides 
theoretical calculations of phonon recycling in small Si QDs embedded in SiO2.11 They 
determined the phonon decay rate to be in the 1-10 ps range, which is a similar time 
scale to the observed non-zero Re[!] component shown in Figure 4.5b.  
The absence of real photoconductivity at !! = 100 ps provides an upper limit to 
the lifetime of the hot excitons in the QDs. Here, only excitons remain in the Si QDs. 
From the spectra at !! = 100 ps, we can quantify the polarizability of the excitons for 
each size of Si QD. To do this we first relate the complex photoconductivity to the 
complex susceptibility (∆!!) through the equation,  
 
 ∆!! ! = ∆! !!!!!             (Eq. 4.14)  
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which changes the spectrum from a negative, linearly increasing, purely imaginary 
photoconductivity signal to the purely real susceptibility spectrum (See Figure 4.6a). We 
can then relate the average value for ∆!! to !! by, 
 
 !! = !!
∆!!
!!∆!!
         (Eq. 4.15) 
 
which stems from the Clausius-Mossotti equation,35 where ! is the carrier density. The 
carrier density was determined from the number of absorbed photons in the 
photoexcitation volume of the pump pulse, where we assume a quantum yield of unity 
for charge generation. In Figure 4.6b we plot the exciton polarizability of Si as a function 
of QD radius (!) and fit it with a simple !!~!! scaling. In Figure 4.7 we compare the Si 




Figure 4.6: a) Change in the real and imaginary components of the susceptibility of the 
4.2 nm Si QDs. The dashed line represents the average of the frequency-independent 
change in the real component of the susceptibility. b) Exciton polarizability for various Si 

































Figure 4.7: Comparison of Si QDs to other QD polarizabilities taken from Refs 26, 27 
and 29. Data has been scaled to account for different data workup procedures.  
 
 
In order to make a proper comparison, the data from Dakovski et al. as well as the Si 
QD data was scaled in such a way to account for the differences in analyzing the 
polarizability data from ∆!/! . We have also included the simple !!~!!  scaling 
mentioned in Section 4.3 for each material, showing good agreement with the results.  
The factors that qualitatively determine the magnitude of the polarizability of an 
exciton in a quantum-confined semiconductor are the degree of dielectric screening and 
the relative effective masses of the carriers. The magnitude of the dielectric screening 
for the InAs, CdSe and Si QDs should all be roughly the same as the dielectric 
constants of each material are roughly the same (!! ≈ 10),27 while the screening for the 
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constant (! ≈ 200).27 The stronger dielectric screening effect for the PbSe QDs should 
result in a weaker exciton response compared to materials with lower dielectric 
constants. Indeed, this is the case when you compare the PbSe QDs to CdSe and InAs 
QDs but not when compared to the Si QD data measured in this study. Let’s now 
consider qualitatively the effective masses of the carriers for the different materials. For 
the PbSe QDs, the effective masses of the electron and hole are both low (!!,!∗ =
0.05! !), which equates to larger transition energies and a less sensitive response by 
the THz probe. The mass of holes in CdSe, InAs, and Si, however, range from 0.4!! – 
0.5!!, meaning the intraband transition energies for the holes are smaller, and thus the 
THz probe will be more sensitive to these transitions.27, 29 From these two qualitative 
arguments, we would expect to see the relative magnitude for !! in Si to be larger than 
PbSe and closer to the values calculated for CdSe and InAs QDs. Instead, the 
magnitude of the Si QD data is closer to that measured for PbSe. To better understand 
this discrepancy, it would be useful to model the Si QD quantitatively, either with a 
multiband model 26-27, 29 or a simple parabolic band effective mass model. Future 
theoretical calculations will hopefully shed some light on the physics behind the results 
shown in Figure 4.7.   
4.5  Conclusions  
The ultrafast dynamics of photoexcited Si QDs were explored as a function of dot 
size and spectroscopic signatures of excitons and hot carriers could be distinguished. 
The observed hot carrier relaxation dynamics revealed a complex energy relaxation 
behavior where the majority of hot carriers decayed within 0.5 – 1ps, where hot carriers 
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in the smaller Si QDs decayed slower than the larger dot sizes. A small fraction of hot 
carriers, however, are still observed in the larger QDs at 10 ps, which could be 
associated with re-excitation of hot carriers from Auger recombination of a biexciton or it 
could possibly be associated with the slower decay of optical phonons through fast 
phonon recycling. We also observe shorter single exciton lifetimes in smaller Si QDs 
and speculate that this is due to surface passivation problems. The ability to distinguish 
hot carriers from excitons, as demonstrated in this study, is an important tool that could 
be useful in understanding the multiple pathways for hot carrier relaxation Si QDs. One 
could imagine future experiments designed to affect different relaxation pathways to 
extend the lifetimes of the hot carriers, and thus improving the chances to harvest the 
hot carrier’s extra energy and use it for device efficiency boosting processes such as 
MEG or down conversion of high-energy photons. 
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We report on the ultrafast carrier dynamics in hydrogenated nanocrystalline 
silicon (nc-Si:H) using time-resolved terahertz spectroscopy (TRTS).  Photoexcitation at 
407 nm primarily produces charge-carriers in the a-Si phase, but they undergo a rapid 
electron-transfer to the c-Si phase prior to complete thermalization into the band-tail 
states of a-Si. We studied the carrier dynamics on a range of nc-Si:H samples with 
varying crystalline volume fractions (!!) and mapped out the carrier dynamics with sub-
ps resolution. Our measurements are consistent with a model where electrons are first 
trapped at interface states at the a-Si/c-Si boundary prior to being thermally emitted into 
the c-Si phase. Wavelength and temperature dependent measurements are consistent 
with our model. The phenomena observed here have implications towards solar cell 
structures that utilize an amorphous material as an absorber layer, previously thought to 
have too low of mobility to attain effective charge transport in a device. 
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5.1 Introduction 
Over the past decade, a main interest in nanostructured photovoltaics has been 
on how to design a device that both exploits the highly tunable optical properties of 
nanometer-sized semiconductors while also efficiently extracting the photogenerated 
carriers. One method proposed for accomplishing this goal is by embedding such 
nanostructures into a conductive matrix. These so-called nanocomposites have been 
shown to not only protect the nanostructures from photothermal and oxidative 
degradation, but the matrix can also enhance the charge transport by enhancing 
electronic coupling between the QDs.1-4 A theoretical study by Wipperman et al. has 
presented evidence that the matrix could also be fabricated in such a way that it could 
help tune the optical properties of the nanostructure while also providing an effective 
charge extracting pathway.5 They found that an amorphous ZnS matrix surrounding Si 
QDs could potentially lower the band gap of the QDs, as well as provide an electrical 
pathway to extract holes. The ZnS/Si QD nanocomposites are examples of how the 
optical versatility of QDs can be paired with the beneficial charge transport capabilities 
of an inorganic solid to make inexpensive and efficient opto-electric devices in the 
future. NC-in-matrix designs can also be designed with the exact opposite function, 
where the matrix is the absorber and the nanostructures serve as the charge transport 
element.  Materials such as hydrogenated nanocrystalline silicon (nc-Si:H) function in 
this manner, where the crystalline Si NCs are used to prevent film degradation and 
facilitate charge transfer while the amorphous Si (a-Si) matrix serves as an efficient light 
absorber.  
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The nc-Si:H thin film technology grew out of research interests in hydrogenated 
a-Si solar cells, where the enhanced absorption properties of a-Si paired with the 
relatively inexpensive fabrication processes, compared to growing and purifying c-Si, 
would result in a less expensive device that could reach efficiencies close to traditional 
c-Si solar cells. The major problem with a-Si technology turned out to be device stability. 
When a-Si devices were exposed to sunlight, the performance significantly degraded.6 
This degradation, known as the Staebler-Wronski effect,7 occurs when light-induced 
defects, most likely dangling bonds, are introduced into the a-Si film. The dangling bond 
defect states then can act as traps for mobile carriers, thus reducing the efficiency of of 
the a-Si photovoltaic device. Though the nature of the photoinduced defects is still a 
heavily debated topic, the major consensus among research groups is that 
recombination of carriers trapped in the a-Si band-tail has sufficient energy to break Si-
H bonds, leaving dangling bonds.8-9 In an effort to reduce or eliminate the light induced 
degradation prevalent in a-Si films, new materials like nc-Si:H were explored. 
Incorporating c-Si domains into a-Si thin films results in the reduction of the light-
induced degradation.10-12  The nc-Si:H films also show an improvement in the absorption 
of red portion of the solar spectrum.13 The incorporation of Si NCs into an a-Si film led to 
stable nc-Si:H single junction devices with measured efficiencies of ~10%,14 however an 
explanation for the improved photostability of the nc-Si:H films was still missing. In this 
work, we use time-resolved terahertz spectroscopy (TRTS) to explore the carrier 
dynamics of nc-Si:H films, and show direct evidence of an efficient trap-mediated 
electron transfer process from the a-Si phase to the Si NCs. The electron transfer rate is 
in most cases faster than the defect-generating recombination in the a-Si phase, 
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therefore reducing the number of light-induced defects generated and improving the 
stability of the nc-Si:H films. The efficiency and rate at which this trap-mediated electron 
transfer process occurs is studied and shows a dependence on the c-Si volume fraction 
(!!) of the film. 
5.2  Hydrogenated Nanocrystalline Silicon Samples 
The nc-Si:H films were fabricated by United Solar Ovonic via a plasma-enhanced 
chemical vapor deposition (PECVD) process, in which silane precursor gas was diluted 
with hydrogen to encourage NC nucleation in the a-Si film. In contrast to 
microcrystalline Si (µc-Si) films, where the hydrogen dilution is held constant, thus 
producing micrometer-sized conical aggregates with nanometer sized grains,15 we 
dynamically varied the hydrogen dilution, which produced homogeneous, monodisperse 
NCs throughout the film.7 The embedded NCs were cigar shaped with a radius of ~ 6 
nm and were 20 nm along the long axis of the spheroid.16-17 In this study, we measured 
the free-carrier dynamics of 5 different samples !! was varied from 0% (pure a-Si:H) to 
70%. In order to change !!, the hydrogen-silane ratio was varied and the crystalline 
volume fraction was confirmed with Raman spectroscopy.18 All of the films studied were 
approximately 1 µm thick, deposited on glass (Corning 7059). 
5.3  Trap-Mediated Electron Transfer Model 
 In this section we will describe a trap-mediated electron transfer model that 
governs the decay dynamics measured in the nc-Si:H films. A schematic of the 
proposed model is shown in Figure 5.1. First, incident photons with energy greater than 




Figure 5.1: Schematic of the trap-mediated electron transfer process. (Step 1-a and 1-c) 
Absorbed high energy photons excite electrons in the a-Si or c-Si phase.  Hot carriers in 
a-Si matrix either become trapped at the a-Si/NC interface (2a) or cool to the band-tail 
states in a-Si (2a’). Electrons trapped at the interface undergo trapping and detrapping 
until a thermal equilibrium is established with carriers in the CB of the nanocrystals. 
Finally, the carriers recombine (4). 
 
much higher absorption coefficients than c-Si. The absorbed photons then excite 
electrons across the band gap of a-Si (step 1-a). A smaller fraction of the high-energy 
photons are absorbed by the Si NCs, promoting electrons across the band gap (~1.1 
eV) of the NC (step 1-c).  After excitation, a large fraction of the excited carriers in a-Si 
are rapidly trapped at the a-Si/NC interface (step 2a) prior to thermalizing to the mobility 
edge of a-Si and sequentially becoming trapped into the band-tail states of a-Si (step 
2a’). Carriers trapped at interface states can be thermally injected into theconduction 
band (CB) of the NC (step 3) and then re-trapped. Such electrons may undergo many 
trapping and de-trapping events, establishing a dynamic equilibrium prior to eventual 
recombination with hole states (step 4). In device applications, the carriers would 
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undergo percolative transport through the set of Si NCs and the trapping/de-trapping 
events lead to dispersive transport behavior.19  
The proposed model is in agreement with low temperature and steady-state PL.20 
In those experiments, it was shown that as the !! increases above 0.2, the emission 
from a-Si band-tail states is significantly quenched at the expense of an emission peak 
located at a lower photon energy and was attributed to an a-Si/NC interface defect PL 
band. Low-temperature light-induced electron spin resonance (LESR) measurements 
were consistent with the PL results. ESR detects signatures of electrons trapped in the 
band-tail states of a-Si and only appears in the low !! samples. From these results it 
was concluded that the hot carriers initially in a-Si underwent rapid electron transfer to 
the Si NCs before thermalizing and since hot carriers relax to the band-tail states in a-Si 
over time scales of ~1 ps,21-23 the hot carrier transfer must be a faster process.  
5.4  nc-Si:H Dynamics: Dependence on c-Si Volume Fraction 
In this experiment, the single modulation TRTS setup is employed to directly 
observe the ultrafast carrier dynamics and probe the electron transfer kinetics discussed 
above. TRTS has sub-ps resolution and we measured the dynamics to 1 ns. The THz 
experiment is most sensitive to mobile charge carriers, such as the carriers in the 
extended states of amorphous or crystalline silicon. In these experiments, the 
absorption cross-section of free carriers over THz frequencies is directly proportional to 
the carrier mobility and thus, any carriers that have been trapped at a defect will not 
contribute to the THz signal. To measure the carrier dynamics we again measure the 
photomodulated differential of the peak of the transmitted THz waveform (∆!(!!, !!"#$)/
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!). In our measurements of the samples with different !!, we wish to preferentially 
photoexcite the a-Si portion of the films, so we chose a pump wavelength of 407 nm 
(3.05 eV). We can relate ∆!(!!, !!"#$)/! to the effective photoconductivity ∆!!""(!!) 
through Eq. 2.17, considering a thin film sample geometry with surface photoexcitation, 
which gives us the following equation: 
 
 − ∆! !!,!!"#$! =
∆!!""(!!)∙!
(!!!!)!!!
                                     (Eq. 5.1) 
 
where !! is the refractive index of the substrate at THz frequencies (!! =1.95), ! is the 
speed of light, !! is the pump-probe delay, and !! is the permittivity of free space. We 
can then express the effective photoconductivity as the weighted sum of the 





!!!!(!!)!! + !!!!(!!)!!                    (Eq. 5.2)  
 
where ! is the charge of an electron, !!  and !!  are the electron densities in each 
phase, !!  and !!  are their respective mobilities and !!  and !!  represent their 
associated volume fractions. We note that the photomodulated signal measured by 
TRTS is directly proportional to the free-carrier mobility as well as the number of free 
carriers in the sample. Therefore, trapped carriers will only contribute in the decay of the 
transient THz signal we measure. Similarly, carriers that reach the band-tail states of a-
Si do not contribute to the THz signal. In Eq. 5.2, the photoexcitation pathlength ! can 
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be determined by inverting the effective optical absorption coefficient (!!""), which is 
assumed to be a weighted linear summation of the absorption coefficients of the two Si 
phases: !!"" = !!!! + (1− !!)!!. We use literature values to determine the absorption 
coefficients for a-Si and c-Si where !!!"#! =!5.24x105 cm-1 and !!!"# =!9.52x104 cm-1 at 
a wavelength of 407 nm.24-25 This confirms that all of the photoexcitation light is 
absorbed within the first 80-150 nm, depending on the sample’s !!.  
Implicit in Eq. 5.2 is the assumption that electrons are the dominant charge 
carrier contributing to the THz response. For carriers in the a-Si region, this is validated 
by the ~3 orders of magnitude difference in electron and hole mobilities.26 In bulk c-Si, 
however the difference is not as large, where the ratio of the electron and hole mobilities 
is ~2.5, 27 which we will consider as a lower bound for the NCs. We also expect to see a 
reduction in the mobility in the NCs as the calculated mean free path for bulk c-Si is ~40 
nm, which is larger than the dimensions of the individual NCs. As a result, carriers 
inside the NCs will interact with the surface of the crystallite, thus increasing scattering 
events as well as increasing the probability the free carrier will be trapped at the a-
Si/NC interface. At this interface the defects can either be localized conduction band-tail 
states (CBT) for electrons or localized valence band-tail states (VBT) for holes. The 
VBT states are commonly associated with bonding states in a-Si while the CBT states 
are associated with anti-bonding states. Since bonding states are more strongly 
affected by variations in bond lengths and angles than the anti-bonding states. This 
pushes the VBT states deeper into the band gap, which results in more localized hole 
wavefunctions.28 This localization thus further reduces the hole mobility from its bulk c-
Si value and so we can neglect contributions to the THz signal from holes.    
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 In figure 5.2 we show the room temperature measurements of the carrier dynamics for 5 
nc-Si:H samples with !! values of 0 (pure a-Si:H), 0.2, 0.3, 0.5 and 0.7. In these plots 
we have normalized the THz response by the absorbed fluence of our pump pulse (!!"#) 
so that we can the data as a weighted sum of mobilities.29 We can therefore rewrite Eq. 
5.1 in terms of the fraction of carriers in each phase, scaled by their respective 
mobilities: 
 
  − ∆! !!,!!"#$!
!!!! !!!
!∙!!"#
= ∆!!"" !! ∙!!!"# = !!(!!)!! + !!(!!)!!             (Eq. 5.3)        
 
In this equation, !!  and !!  represent the respective fractions of the total number of 
carriers in the system that are located in the a-Si and c-Si phases at a given delay (!!). 
We have calculated the absorbed fluence through the relation !!"# = (1− !) ∙ !!, where 
!  is the reflection coefficient of the sample, taken to be ! =0.47, and !!  is the 
corresponding incident pump fluence. The input fluence for the 0.3 and 0.5 samples 
was !! = 3.4x1014 photons cm-2 and the input used in the measurements made on the 
0.7, 0.2 and a-Si:H samples was !! = 5x1014 photons cm-2. The very fast initial rise is 
governed by the convolution of the system response function (SRF) and the excitation 
of free carriers, which are partitioned into the a-Si and c-Si regions. At the peak of the 
THz response (!! = 0) the normalized effective photoconductivity of the sample can be 
represented as  
 




Figure 5.2: (a) Room temperature carrier dynamics measured for nc-Si:H films with 
crystalline Si volume fractions ranging from 0 (a-Si) to 0.7. (b) Early time behavior for 
the different nc-Si:H films. Solid lines represent a linear least squares best fit of the trap-
mediated electron transfer model described in the text. 
 
where the fraction of excited carriers in the film that are due to photons absorbed in the 
NCs is 
 
 !! 0 = !! !!!!""                                             (Eq. 5.5) 
 
and the fraction of carriers in the a-Si region is then !! 0 = 1− !! 0 . We observe a 
fast decay of the THz signal between 0-5 ps, which we attribute to hot carriers in the a-
Si which either thermalize to the CBT states in a-SI or get trapped at an interface state 
(Fig. 5.1, steps 2a and 2a’). To quantify how fast hot carriers in a-Si relax and become 
trapped into CBT states, me modeled the carrier dynamics of the pure a-Si sample with 
a single exponential decay curve (black solid lines in Figure 5.2). This exponential fit 
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From this fit we determine the carrier relaxation lifetime in a-Si (!!!!") to be !!!!" =!2.1 
ps, which is consistent with previous TRTS30 and transient absorption measurements.21, 
23 Therefore, at a time delay of !! = 5 ps, all carriers in the nc-Si:H films that were 
initially in the a-Si regions should be trapped and no longer contributing to the THz 
signal. Then by evaluating Eq. 5.3 at !! ≅ 5 ps we obtain  
 
   ∆!!"" !!!! ∙!!!"# = !!(0)!!                                 (Eq. 5.6) 
 
An assumption made in Eq. 5.6 is that carriers, which are initially excited in the NCs, 
have not been trapped within the first 5 ps, and so that !!(0) = !!(!! = 5). From the 
amplitudes of the THz signal at !! = 0 and !! = 5, we can determine the respective 
mobilities of the a-Si phase (!! ) and the NCs (!! ) for each volume fraction. The 
extracted mobilities will then be able to provide information on the electrical quality of 
the a-Si and NCs for different values of !! . We find !!  values, for the films with 
crystalline volume fractions greater than the percolation threshold of 30%, of 3.0, 1.8 
and 2.5 cm2 V-1 s-1 for the 0.7, 0.5 and 0.3 nc-Si:H samples, respectively. For the NCs, 
we determined !! to be 21, 44 and 33 cm2 V-1 s-1 for the same samples, going from high 
!! to low. The variations in the a-Si and NC mobility for the three samples likely occur 
from differences in NC size, a-Si and NC quality. We compare our extracted mobility 
values for the a-Si region with values reported in a THz study by Lui and Hegmann and 
find that our results agree well with their measured value of ~4.5 cm2 V-1 s-1 for a-Si.30  
We also note that in TRTS, we are probing the mobility of the carriers while before the 
carriers have thermalized to the band edge, which results in a higher mobility than what 
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is typically reported from DC probe measurements.30 The DC experiments are typically 
made over much longer time scales where the transport of the carriers is greatly 
affected by the shallow defect states in a-Si, which will ultimately reduce the measured 
mobility. We observe the exact opposite trend with mobilities extracted for c-Si. In the 
our measurements, we determine !! values that are an order of magnitude lower than 
typical mobilities measured for bulk c-Si (!!!"#$ ≅1300 cm2 V-1 s-1). The reduction in 
mobility can be understood by once again considering the bulk c-Si mean free path 
(!!~160 nm) of carriers in bulk c-Si which is ~8x larger than the length of the NC. We 
can estimate how much of an effect surface scattering will have on the mobility of the 





+ !!                                               (Eq. 5.7) 
 
where !  is the dimension of the NC. From this effective mean free path, we can 
calculate what the expected reduced mobility for the NCs in these films by using 
!!"" = !!!! , where !!! = 2!!!/!∗  is the thermal velocity of an electron, !  is the 
temperature, !! is the Boltzmann constant and ! = !!∗/! is the scattering rate.  From 
these equations, we find the reduced mobility should be between ~60-100 cm2 V-1 S-1 
depending on the effective mass of the carrier (longitudinal or transverse) and the 
dimensions of the NC (6 - 20 nm). The values found in this study are lower than this, 
indicating that other effects such as defects and variations in NC geometry could be 
further hindering charge transport in the NCs. 
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In the higher !! samples (>0.3), we observe an apparent recovery of the THz 
signal over a time period of ~200 ps while no such recovery is observed in the 0.2 
sample or in the pure a-Si film. This recovery provides direct observation that carriers 
initially trapped at a-Si/NC interface states, and thus not contributing to the measured 
signal, then transferring into the NCs, which results in an increase in the amplitude of 
the signal. The absence of this feature in the !! = 0.2 nc-Si:H film suggests that carriers 
initially excited in the a-Si phase thermalize prior to reaching a NC and thus no electron 
transfer can occur.  
To model the data in Figure 5.2, we consider the time-dependent population of 
three states; an extended state in a-Si (!!), an interface trap state (!!) and an extended 
state in c-Si (!!). In this model, the carrier dynamics are parameterized by four time 
constants that represent the different relaxation and repopulation pathways in the film. 
The first lifetime (!!) corresponds to the excited electrons in a-Si that become trapped at 
an interface state (see step 2a in Fig. 5.1). The characteristic lifetime of the thermal 
emission of an electron from the trap state into c-Si is represented by !! while the 
corresponding re-trapping of carriers from the NC back into an interface state is 
represented by the lifetime !! (step 3). Finally, !! represents the recombination lifetime 
(step 4), where we don’t distinguish between radiative and non-radiative recombination 
processes. We also don’t differentiate between recombination form interface or 
extended states and that we expect both to occur in these films. The thermalization 
lifetime in a-Si (step 2a’), !!!!", is fixed for all samples to be 2 ps, which was determined 
from the best fit performed on the pure a-Si sample mentioned above. We now define 
the rate equations that govern the populations of the 3 states: 
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 !!!!" = −
!! !
!!





− !! !!! +
!! !
!!





− !! !!!                                           (Eq. 5.10)        
 
This system of differential equations can be solved numerically for !! ! , !! !  and !! ! , 
where we have the following initial conditions, 
 
 !! 0 = !!!!!!""                                             (Eq. 5.11) 
 
 !! 0 = 0                                               (Eq. 5.12) 
 
 !! 0 = !!!!!!""                                             (Eq. 5.13) 
 
where we assume that the fraction of carriers absorbed in the crystalline and 
amorphous phases depends on their relative absorption coefficients (!! and !!) at the 
excitation wavelength. The resulting fitting function was comprised of a convolution of 
the SRF described previously with the summation of the fraction of carriers in the a-Si 
and c-Si extended states multiplied by their corresponding mobilities:  
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 !(! − !!)⨂ !!!!(!)+ !!!!(!)                                (Eq. 5.14) 
 
We performed a linear least squares global fit to simultaneously model the 0.7, 0.5 and 
0.3 nc-Si:H films, where !!, !!, and !! were global variables and only the trapping rate 
(!!), which should vary depending on !!, was allowed to float. The values of !!, !! and 
!!!!" were held constant for each sample to the values determined above. The results 
of the best-fit parameters are summarized in Table 5.1. To fit the !! = 0.2 film we used 
the same single exponential decay fit as was used for the a-Si, only with an additional 
offset which is equivalent to the fraction of carriers absorbed in the c-Si phase.  
In order to help visualize the results shown in Table 5.1, we illustrate in Figure 
5.3 the time dependent populations of each state after photoexcitation. We see from 
Figure 5.3a that as the crystalline volume fraction is increased, we see not only more 
carriers getting trapped at interface states but also the time it takes for the carriers to 
get trapped has decreased. 
 
Table 5.1: Best-fit parameters from trap-mediated electron transfer model 
 
!! !! (ps) !!!!" (ps) !! (ps) !! (ps) !! (ps) !! (cm2 V-1 s-1) !! (cm2 V-1 s-1) 
0.7 0.14  
(0.05) 
    2.5* 33* 
0.5 3.0  
(0.4) 









    3.0* 21* 
* Parameters held constant during global fit 
 




Figure 5.3: Modeling of the fraction of carriers in the three states (!!,!!! and !!) at early 
(a) and later (b) pump-probe delays from the model described in the text. The 
population mapping is shown for the nc-Si:H samples with !! = 0.7 (blue), !! = 0.5 
(red) and !! = 0.3 (green). 
 
This indicates that carriers excited in a-Si don’t have to travel as far to find an 
interface state, which means more carriers can get trapped as fewer can thermalize into 
the band-tail states of a-Si. At later pump-probe delays (Figure 5.3b), we see that the 
trapped carriers can then inject into the NCs, resulting in an increase in population of 
the c-Si extended state.  
We can also determine how efficient the electron transfer process is by 
comparing the rate of thermalization in a-Si (!!!!" = !!!!"!! ) with the trapping rate of 
carriers into interface states (!! = !!!!): 
 
 !!!!!!"!!!                                                (Eq. 5.15) 
 
From Eq. 5.15 we determine the fraction of carriers initially excited in the a-Si matrix  
  
(a)             (b)




Figure 5.4: Fraction of the total carriers that remain in the a-Si phase, calculated for the 
films studied in this work (black circles) and the low temperature PL data from Ref 20 
(open circles). The red triangles represent the fraction of the total photons absorbed in 
the a-Si phase.   
 
that reach the a-Si/NC boundary for the 0.7, 0.5 and 0.3 nc-Si:H films is 0.9, 0.4 and 0.2 
respectively. We can observe this graphically in Figure 5.4, where we plot, as a function 
of !!, the fraction of carriers remaining in the a-Si phase. We have also included the 
results determined from the low temperature PL20 and show an agreement by both 
experiments. We also plot in Figure 5.4 the fraction of photons that were absorbed in 
the a-Si matrix (red triangles). If we assume all of the absorbed photons in a-Si create 
one excited electron, then we can use the difference between the fraction of absorbed 
photons in a-Si with the fraction of carriers that remain in a-Si (red arrows in Figure 5.4) 
as a gauge of efficiency of this trapping process. Interestingly, even though the 0.7 
sample has the highest fraction of carriers initially excited in the c-Si, as well as 
demonstrating the highest fraction of carriers getting trapped at the a-Si/NC interface, it 
does not have the largest THz amplitude in Figure 5.2. This counterintuitive result can 
r
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be explained by the lower c-Si mobility obtained for the 0.7 sample, compared to the 0.5 
sample, which indicates a lower quality c-Si material is made in the higher crystalline 
volume fraction. This also correlates well with device results where the highest 
efficiencies used nc-Si:H films with a 50% crystalline volume fraction.  
5.5  Wavelength-Dependent Carrier Dynamics 
One of the major driving forces for the use of a-Si in photovoltaics is their 
excellent absorption properties, especially over the blue part of the solar spectrum. Due 
to its larger band gap, a-Si is not an efficient absorber for low energy photons. In Figure 
5.5 we compare the low photon energy optical properties of bulk c-Si, a-Si and nc-Si:H 
(!! =  0.5) by measuring their absorption coefficients with photothermal deflection 
spectroscopy (PDS). This experiment effectively measures the deflection of a laser 
beam due to a change in index of refraction due to local heating of the sample that  
 
 
Figure 5.5: Absorption coefficient spectrum of a-Si (red circles), c-Si (green circles) and 
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occurs when the sample absorbs light. The amount of defection is directly proportional 
to the amount of light absorbed and by scanning the wavelength of light incident upon 
the sample, the absorption coefficient spectrum can be determined for a range of 
photon energies. From the PDS measurements we observe a crossing point of ~1.7 eV, 
over which a-Si has a higher absorption coefficient and below which c-Si has a larger 
absorption coefficient. This means that we can now preferentially excite the c-Si phase 
of the nc-Si:H films and sequentially measure the carrier dynamics.  
To preferentially excite the NCs, we chose an 815 nm (1.52 eV) pump excitation 
wavelength, where the absorption coefficient for c-Si is ~20x larger than a-Si. The c-Si 
absorption coefficient, however, is two orders of magnitude smaller at an excitation 
wavelength of 815 nm (!!!"# = 274 cm-1) compared to exciting with 407 nm light 
(!!!"# = 9.52x104 cm-1), which results in a lower overall !!"# such that not all of the 
incident photons are absorbed in the 1 µm films. To compensate, !! was increased to a 
value of 3.7x1015 photons cm-2 so that the total number of 815 nm photons absorbed in 
the c-Si phase was equivalent to the number absorbed when excited with 407 nm light. 
In the previous section we made the assumption that the effective absorption coefficient 
of the nc-Si:H thin film could be attained by linearly adding the product of the individual 
absorption coefficients and their corresponding volume fractions. This assumption does 
not hold true for 815 nm excitation as we can see from the PDS data in Figure 5.5. If we 
linearly add !!!"# with !!!"# we will underestimate the measured value obtained for the 
0.5 nc-Si:H film, since it would simply be the average of the two values. In fact, we 
observe that !!""!"# for the nanocrystalline film is higher than either the a-Si or c-Si. 





Figure 5.6: Photoexcitation wavelength dependent carrier dynamics measured at room 
temperature for the nc-Si:H film with !! = 0.5.  
 
~50% of the total absorbed light when excited at 815 nm. We speculate that this is 
unknown absorption is caused by interface states that are directly excited by the pump.  
In Figure 5.6, we show the measured free carrier dynamics for the 0.5 nc-Si:H thin film 
when photoexcited with a 407 nm pump pulse (green circles) and with an 815 nm pump 
pulse (red circles). We first notice that the peak of the dynamics when excited with 815 
nm light is equivalent to the amplitude of the 407 nm data at !! = 5 ps. This confirms 
that the number of carriers excited in the NCs at both pump wavelengths are the same 
since there should be no contribution from carriers in the a-Si phase at this delay. 
In order to model the 815 nm excitation data, we adjusted the initial conditions to 
account for a fraction of the total absorbed photons being absorbed directly into an 
interface. The new initial conditions are 
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 !! 0 = !! ∙ !′                                            (Eq. 5.17) 
 
and 
 !! 0 = !! ∙ (1− !!)                                       (Eq. 5.18) 
 
where !′ is the fraction of photons directly absorbed into the interface states by 815 nm 
excitation. The trap-mediated electron transfer model was then used to globally fit the 
previous 407 nm data with the addition of the 815 nm excitation data and the initial 
conditions above. From this fit, we find the fraction of carriers directly excited into the 
interface states was !! = 0.57. At a pump wavelength of 407 nm, excitation into the 
defect states is negligible compared to the absorption in the a-Si and c-Si regions. 
5.6  Temperature-Dependent Carrier Dynamics 
 The trap emission process described in our model (step 3) is a thermally 
activated process where if the energy gap between an interface state and the 
conduction band states of c-Si is less than !!!, the carrier has enough thermal energy 
to inject into the NC. To test this theory we measured the carrier dynamics of the 0.7 
and 0.5 nc-Si:H films at 77K and compared them to the results obtained at room 
temperature.  
In Figure 5.7, we show the results of the TRTS measurements on the 0.7 and 0.5 
samples conducted at 77 K and pumped at 407 nm along with the room temperature 





Figure 5.7: Temperature dependent carrier dynamics of the 0.5 (open circles) and 0.7 
(closed circles) crystalline volume fraction nc-Si:H thin films. The carrier dynamics for 
each sample measured at room temperature are shown in red while measurements at 
77 K are displayed in blue. The solid and dashed lines are best fits to the 0.7 and 0.5 
samples, respectively. 
 
to no signal recovery is observed in the data taken at 77 K. This indicates that the trap 
emission from interface states is indeed thermally activated and at low temperatures, 
the number of carriers that can participate in electron transfer is decreased. We apply 
our linear least squares global fit function to the low temperature data, where only the 
lifetimes !!  and !!  were allowed to vary from the lifetimes extracted at room 
temperature. As temperature could have an effect on carrier mobility, we extracted 
!!!!! and !!!!! from the measured data and obtained values of !!!!! = 4.8 cm2 V-1 s-1 
and !!!!! = 81 cm2 V-1 s-1 for the 0.5 film and !!!!! = 8.6 cm2 V-1 s-1 and !!!!! = 51 
cm2 V-1 s-1 for the 0.7 film. The values for !! obtained from the fits of the dynamics 
measured at 77 K showed a slower lifetime for both the 0.5 and 0.7 samples to 501 ps 
and 447 ps, respectively. The recombination lifetime, !! , for both samples became 
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This supports the hypothesis that fewer electrons participate in thermal emission 
from the interface state into the extended states of the NC. Instead, a higher number of 
electrons undergo a recombination process, which contributes to a fast recombination 
lifetime. 
5.7 Conclusions 
Through time-resolved terahertz spectroscopy measurements of the carrier 
dynamics of nc-Si:H thin films with varying crystalline volume fractions, we have directly 
observed electron transfer from the a-Si matrix into the c-Si NCs. The mechanism for 
charge transfer involves a trap-mediated process where excited electrons in the a-Si 
phase reach a NC where they are trapped very quickly at an interface state. The 
electron trapping lifetime varies depending on !!, ranging from 150 fs - 8 ps, with faster 
lifetimes associated with higher !!. The faster trapping lifetimes are due to smaller 
spacing between NCs, and thus shortening the distance an excited electron in a-Si has 
to travel before encountering a NC. Once the electron becomes trapped in a shallow 
interface state the electrons have enough thermal energy to thermally inject into the 
extended states of the NC. This process appears as a recovery of the THz signal in the 
carrier dynamics and is the signature of electron transfer in these films. We were able to 
turn off the thermal emission channel in the nc-Si:H films by decreasing the temperature 
of the films, which confirms the emission process is driven by the temperature of the 
trapped carrier. Our model was also confirmed with a excitation wavelength 
dependence study where we preferentially photoexcited the c-Si phase of the nc-Si:H 
films, and no signal recovery was observed. An interesting finding of this study was that 
even though the highest crystalline volume fraction sample (!! = 0.7) showed the most 
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efficient and fastest electron transfer of the all the samples measured, the !! = 0.5 
sample displayed the largest overall amplitude and signal recovery. This indicates the 
electrical quality of the c-Si phase is higher in the 0.5 sample compared to the 0.7. This 
conclusion is confirmed by the extracted mobilities for each sample where the 0.5 
sample had the highest c-Si mobility.  
These results demonstrate that amorphous semiconductors can be used 
effectively as absorbers in photovoltaic devices so long as the excited carriers can be 
harvested before thermalizing and becoming trapped in band tail defect states. This has 
implications towards amorphous matrix hot carrier solar cells where embedded 
nanostructures such as quantum dots can serve as selective contacts. Finally, we have 
been able to show direct evidence on the mechanism involved with the photostability 
observed in nc-Si:H solar cells. The electron transfer process must be faster than the 
time it takes for a hot carrier takes to thermalize and recombine. Since little to no 
recombination is occurring in the a-Si matrix, no photogenerated defects are introduced 
and thus the film becomes stable.  
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SI QUANTUM DOTS EMBEDDED IN A CONDUCTIVE INORGANIC MATRIX  
 
Abstract 
In photovoltaics, a large effort has been made to incorporate nanostructures into 
thin films to enhance light absorption as well as to exploit new physics that arise when a 
material is confined in order to harvest energy from high-energy photons that would 
otherwise be wasted to heat. Fabricating QD thin films, however, presents two main 
challenges. The first challenge is that QD films often contain large void spaces between 
the QDs, which make the films particularly susceptible to oxidative degradation. 
Embedding the QDs into a inorganic matrix can add stability to the film, but traditionally 
the matrices used are insulating amorphous materials. For example, Si QDs can 
typically be found in materials like SiO2 or, as we showed in Chapter 5, the Si QDs can 
be embedded in a-Si:H. Another route to fabricating a stable Si QD thin film is to 
passivate each QD with an organic ligand and then disperse the dots in a solvent, which 
can either be spin-coated or drop casted into a thin film. The organic ligands not only 
protect the QDs from oxidation, but they also passivate defects on the surface of the 
nanostructures. Like the inorganic matrices, the organic ligands will hinder charge 
transport. Charge transport is the second main challenge in synthesizing QD thin films 
for PV.   
In this chapter, we will attempt to replace the insulating environment surrounding 
Si QDs with a conductive matrix that will enhance charge transport within the thin film. 
 137 
To achieve this goal, we will focus on depositing high quality thin films of Si QDs and 
then infill the voids between the dots with crystalline ZnO using a deposition technique 
called atomic layer deposition (ALD). We will show that the organic ligands passivating 
the Si QDs efficiently block ZnO infilling, forcing the ZnO to most likely only 
encapsulate, instead of infiltrate, the thin film. In an effort to mitigate this problem, we 
attempted to thermally remove the ligands once the Si QD film was synthesized, and 
then infill the bare Si QD film. Unfortunately, this resulted in a producing a Si QD 
powder, which failed to stay adhered to the substrate. 
6.1 Introduction 
Charge transport has continuously been a major challenge when fabricating 
conductive thin films composed semiconducting QDs. Organic ligands are often used to 
passivate surface defects on the QDs, however, these ligands are not conducive for 
charge transport. One potential solution is to enhance the electronic coupling between 
QDs is to reduce the distance between neighboring nanostructures by substituting the 
passivating ligand with a shorter one.1 Another possible solution is to instead passivate 
the QD surface with conductive inorganic ligands, thus creating an all-inorganic QD 
nanocomposite.2 While most of the preliminary work on using an inorganic passivation 
scheme has focused on utilizing metal chalcogenide complexes to passivate QDs in 
FETS, recent work has shown improved electrical coupling between many types of QDs 
(CdSe, CdSe/ZnS, InP, InAs, ZnSe, CdTe, In2O3, PbS, PbSe and Si)!passivated with 
metal-free inorganic ligands (Se2-, HSe-, Te2-, HTe-, TeS32-, OH-, NH2-, and Cl).3#5!
For example, in a recent study by the Talapin group at the University of Chicago has 
shown that modifying a CdSe/S2- NC to have a metal rich surface (by attaching ions 
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like Cd2+ or Ca2+) significantly increased the PL efficiency, which they attribute to a 
reduction of surface traps. Passivating surface traps is a key component in making 
conductive semiconductor QD films, as these defects can greatly hinder transport 
through the QD film6. QD films capped with inorganic ligands have achieved the highest 
measured mobilities for electrons in CdSe (~30 cm2 V-1 s-1) 7-8 and holes in PbS(Se) 
(~3-4 cm2 V-1 s-1) FETs 9-10. These reports may also suggest the onset of band-like 
transport in these types of films, which further illustrates the promise of using an all-
inorganic QD solid in high-performance, low cost optoelectronics like solar cells. Clearly, 
the fabrication of electronic devices that are based on QD films depends on the ability to 
make conductive films that still retain the desirable quantum effects that a quantum 
confined geometry can provide while also preventing oxidation, ripening, sintering or 
other unwanted changes that occur in these types of films. In order to accomplish these 
goals, control over surface chemistry and inter-dot spacing as well as developing some 
sort of protective barrier from the environmental influences that could hinder device 
performance will be essential.  
6.2   Photoconductivity of Si QDs Embedded in SiO2 
In a preliminary study, we wanted to better understand the electronic coupling 
between Si QDs that were embedded in a insulating matrix. Specifically, we wanted to 
investigate how the interdot spacing affected the localization of charges in a binary 
superlattice structure of Si QDs embedded in SiO2. These films are made by 
alternatively sputtering a layer of SiO2 and a non-stoichiometric SiOx layer, where upon 
annealing, Si QDs were precipitated out of the Si-rich region.11 By changing the 
thickness and the stoichiometry of the Si-rich oxide (SRO) layer, the Si QD size and 
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interdot spacing can be changed within the SRO layer. To measure the electronic 
coupling between the dots, we modeled the complex, frequency-dependent 
photoconductivity of films with different QD spacing with the Drude-Smith model. As 
described in Chapters 3 and 4, the Drude-Smith deviates from the simple Drude model 
in that it takes into account the probability for charges to be backscatter due to charge 
localization. The Drude-Smith model can be written as:12 
!




(!!!"#)                                    (Eq. 6.1) 
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where τ is the carrier scattering time, ! is the frequency, ! is the persistence of velocity 
parameter and !!! = !!!/!!!∗. The value of !, which can range from -1 to 0, can be 
associated with the degree of backscattering that a carrier suffers after a collision, 
where a value of -1 represents complete backscattering and a value of 0 returns the 
original Drude model.13 
For this study, two different superlattice structures were measured by TRTS. 
Each sample contained roughly 50 layers of ~5nm Si QDs embedded in SiO2 that were 
separated by 5 nm thick SiO2 layers. The large thickness of the SiO2 layers was used to 
hinder communication from Si QDs located on different SiOx layers. By varying the ratio 
of oxygen and Si in the SiOx layers, the effective spacing between Si QDs could be 
tuned. A larger value of x corresponds to an increased interparticle spacing. The x 
values for the two samples we measured were x = 0.7 and 0.85, where the distance 





Figure 6.1: Photoconductivity spectra of Si QDs embedded in an SiO2 matrix. Data was 
fit with the Drude-Smith model and showed a larger degree of localization in the sample 
with a larger interdot spacing. 
 
The complex, frequency-dependent photoconductivity spectrum for each sample 
was determined for a strongly absorbing thin film (Eq. 2.17) where we did not take into 
account effective media effects and is shown, along with their fits, in Figure 6.1. For the 
x = 0.7 sample, the extracted scattering time was 57 fs and we obtained a ! value of -
0.93, while for the x = 0.85 film, we extracted values of 44 fs and -0.96 for the scattering 
time and ! parameter, respectively. The difference in the scattering rate and the degree 
of localization between the samples suggests that the carriers in the 0.85 sample are 
more localized than the carriers in the 0.7 sample. This can be expected since the Si 
QDs in the x = 0.85 sample carriers are less electronically coupled due to the larger 














THz studies conducted on Si QD/SiO2 nanocomposites as well as for InP nanoparticle 
arrays.13-16  
6.3 Atomic Layer Deposition 
Atomic layer deposition is a thin film, chemical vapor deposition technique based 
on the sequential use of self-terminating gas-solid reactions in order to make highly 
conformal inorganic layer with thickness control on the monolayer level. The growth of 
these layers is depicted in Figure 6.2 and consists of the repetition of the following four 





Figure 6.2: Illustration depicting one ALD reaction cycle on a QD film. The red particles 
represent the reactant A and the green particles represent reactant B. Not shown are 






sample. (ii) Evacuation of the deposition chamber to remove the non-reacted reactants 
and any gaseous reaction by-products. (iii) A self-terminating reaction of the second 
reactant (B) with reactant A on the surface of the sample. (iv) A final purge/evacuation 
of the chamber. 
In one ALD cycle, a small amount of material is added to the surface, referred to 
as the growth per cycle (GPC), and the reaction cycles are repeated, allowing for very 
precise thickness control of the deposited material. The fact that ALD utilizes self-
terminating reactions means that it is a surface-controlled process, where the resulting 
film only depends on the reactants, the type of substrate and the temperature of the 
sample. Due to the surface control of this process, ALD-grown films are very conformal 
and can coat high-aspect ratio structures.17-18 ALD not only provides a high quality, 
continuous and pin free film, but it also has the ability to deposit material in the voids of 
a porous sample since each reactant is deposited separately, which allows the gas to 
diffuse further into a sample instead of simply over coating the material.  
For this study, we will attempt to fabricate conductive Si QD thin films by using 
ALD to infill the voids between the Si QDs with ZnO (Figure 6.3). The reason for using 
ZnO as the conductive inorganic matrix is because the band alignment between ZnO 
and Si results in a type-II heterostructure.19 With this type of band alignment, the 
photoexcited electrons can transfer out of the Si QDs and into the conductive ZnO 
network, while the holes remain in the Si QDs. The separation of charges into the two 
different materials will help reduce recombination in the film and thus allow for a higher 





Figure 6.3: Schematic of Si QD nanocomposites fabricated by ALD infilling Si QD thin 
films with ZnO. 
 
In order to infill a Si QD film, we alternatively exposed the film to diethyl zinc 
(reactant A) and deionized water (reactant B). These two gases were chosen as they 
are the most common reactants used in the literature for ALD deposition of ZnO.20 In an 
effort to obtain a crystalline ZnO matrix, we used a growth temperature of 175°C with a 
growth rate of ~2Å/cycle. Each reactant was deposited for 1 second with a purge cycle 
of 5 seconds.  
ALD infilling of a QD thin film to improve its environmental stability and 
conductivity is a relatively new area of research, but has shown promising results in 
nanocomposite field-effect transistors (FET). ALD infilling PbSe QD film with ZnO has 
been shown to improve the mobility of the film by a factor of 17.3, 21 The reasoning given 
for this dramatic increase in mobility is that ZnO is expected to lower the electron 
tunneling barrier due to the favorable band alignment between the conduction bands of 
the PbSe QDs and ZnO. It has also been shown that ALD infilling can protect an 








providing a barrier to oxidation and thermal degradation.21 There has also been work 
focused on encapsulating CdSe and core-shell CdSe/CdS QDs with an ALD film of 
ZnO.20 The CdSe/CdS study shows similar results to the work performed on PbS(Se) 
QD films, with an increase in mobility by 2-3 orders of magnitude.  
6.4  Si QD Thin films 
The Si QDs used for this study were synthesized by PECVD using the same procedure 
described in Chapter 3. Here, we compared thin films composed of 3.5 nm Si QDs 
passivated via hydrosilylation with either an 8-carbon (octyl) or a 12-carbon chain 
(dodecyl) alkyl ligand. The expected ligand lengths are ~1 nm and ~1.5 nm for the octyl 
and dodecyl ligands, respectively. The passivated Si QDs were dispersed in an 
anhydrous hexane solvent with a concentration of 1 mg/mL. The thin films were made 
by drop casting 75 µL of the Si QD solutions onto 1 cm2  z-cut quartz substrates that 
were 0.5 mm thick. The resulting film thicknesses were ~ 2 µm.  
In Figure 6.4 we compare the carrier dynamics of the dodecene-passivated and 
the octene-passivated Si QD thin films. For these experiments, the thin films were 
loaded into an oxygen-free, quartz window sample holder (Section 2.1.4) in order to 
protect the films from oxidation. We used a 400 nm wavelength pump pulse with to 
photoexcite the samples with an incident photon fluence of 2.26x1015 photons/cm2. 
From the data shown in Figure 6.4, we observe no difference in the carrier dynamics of 
the octene-passivated or dodecene-passivated Si QD thin films. We have also included 
for comparison the carrier dynamics measured for the dodecene-capped 3.5 nm Si QDs 





Figure 6.4: Carrier dynamics of 3.5 nm diameter, alkyl-terminated Si QD thin films and 
Si QDs dispersed in hexane. 
 
6.5 ZnO/Si QD Nanocomposite 
The ZnO/Si QD nanocomposite made in this study was fabricated by attempting 
to infill an octene-passivated Si QD thin film with crystalline ZnO. The Si QD thin film 
was handled in an oxygen-free environment throughout the experiment. In order to 
understand the dynamics of the nanocomposites, we measured the carrier dynamics of 
three different samples. The first sample was the neat, octene-passivated, 3.5 nm Si 
QD thin film measured in Section 6.4. This sample was then placed loaded from a glove 
box into the ALD reactor (Beneq TFS 200 model). The reactor was then pumped down 
and the sample holder was heated to a temperature of 175°C. Once the sample 
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deionized water and purges. The precursors were allowed to react with the substrate for 
1 second before a 5 second purge was used to clear out the byproducts of the 
reactants. A effective deposition thickness of ZnO was chosen to ~ 100 nm (500 
complete cycles) so that ZnO would infiltrate the Si QD film as deep as the penetration 
depth of 400 nm light absorbed in bulk c-Si. The total amount of ZnO that was deposited 
was ~90 nm as measured by ellipsometry from a Si substrate that was placed in the 
reactor with the Si QD film during the deposition. During the same deposition, we also 
included a blank quartz substrate as a control sample. 
 The measured carrier dynamics of neat Si QD thin film, the ZnO control sample 
and the ZnO/Si QD nanocomposite are shown in Figure 6.5. Comparing the 
nanocomposite dynamics to the Si QD and ZnO thin films from Figure 6.5a, we observe 
that the nanocomposite film has the highest amplitude of the three samples. Upon 




Figure 6.5: a) Carrier dynamics of the ZnO/Si QD nanocomposite (green), ZnO thin film 
(red) and neat Si QD thin film (purple) when photoexcited at 400 nm. b) Normalized 































the amplitudes from the other two samples. From Figure 6.5b, we also observe the 
dynamics of the nanocomposite take on features from both the Si QD film and the ZnO 
film, with a fast initial decay, similar to the neat QD film and a longer-lived portion similar 
to the ZnO sample. We conclude that we have not successfully infilled the voids 
between the QDs, but rather have deposited most of the ZnO on top of the Si QDs and 
we are simply measuring the dynamics of the two thin films. We believe that the organic 
ligands could be blocking the diffusion of the ALD reactants into the pores of the Si QD 
film and thus ZnO is only deposited on the top of the Si QD film. Careful SEM images 
would provide better evidence for this hypothesis, which is left for future work to be 
done on this project. 
6.6 Thermal Removal of Organic Ligand 
The organic ligands used to passivate the Si QDs allow for quick and simple thin 
film deposition of the QDs, but they may be hindering the ZnO infiltration into the QD 
films. One possible solution is to thermally remove the organic ligands from the Si QDs 
and then deposit the ZnO on the bare Si QDs. In order to determine what temperature 
was needed to detach the alkyl chains from the Si QDs, we used a home-built 
temperature programmable desorption (TPD) apparatus. The TPD apparatus consists 
of a quartz tube that is held under UHV conditions that is attached to a vacuum system 
that is connected to a mass spectrometer. The sample being investigated is then placed 
in the quartz tube and is heated at a specific heating rate while you monitor the change 
in partial pressure of the vacuum system as constituents desorb from your sample. For 
our experiment, we loaded up, in a glove box, a Si QD thin film into the quartz tube and 




Figure 6.6: Mass spec analysis of the thermal detachment of dodecene ligands from the 
surface of Si QDs measured by temperature programmable desorption. The organic can 
be removed from the Si QD at temperature greater than 500°C. 
 
a period of an hour, resulting in a temperature ramp rate of ~ 8°C/minute. We then 
monitored the desorption of 6 different molecules: H2, CO2, H2O and the hydrocarbons 
CH4, CH2CH2 and CH2CH2CH4. The results of the measurement are shown in Figure 
6.6, where we observe desorption of molecules from the Si QD films between 
temperatures of 400 - 500°C. We therefore can conclude that we need to heat our 
samples to at least 500°C in order to remove the organic ligands from the surface of the 
Si QDs. We do not expect these temperatures to affect the size or quality of the Si QDs 
as ripening shouldn’t occur until temperatures >1000°C for Si. An unfortunate outcome 
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from thermally removing the organic ligands from the QDs is that the ligand-free Si QDs 
detach from the quartz substrate after the annealing procedure and therefore could not 
perform the ZnO deposition. 
6.7 Conclusions 
The major conclusion we can take away from this study is that long organic 
ligands used to passivate the surface of Si QDs can effectively block the incorporation 
of an inorganic matrix deposited by ALD. Future work on this research effort should be 
geared towards synthesizing close-packed Si QD thin films with short ligands (H or Cl) 
in order to allow ZnO to be deposited in the voids between the Si QDs. We also were 
able to observe that shortening the ligand length from a 12-carbon chain to an 8-carbon 
chain was not sufficient to improve electrical coupling between Si QDs. It could be 
possible to use hydrogen or chlorine terminated Si QD thin films to enhance the 
electrical coupling between the dots and then a non-conductive inorganic material like 
Al2O3 could encapsulate the film and protects the QDs from oxidation. The conductivity 
enhancement that could be achieved by placing the QDs in close proximity may allow 
for effective charge transport in the thin films.  
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